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Abstract

Iminium ion organocatalysis is a fast-growing area of contemporary organic chemistry
in which primary or secondary amines may be used to accelerate a diverse array of
stereoselective transformations in the presence of air and water. At the outset of this work,
three primary limitations were identified with state-of-the-art technology:

- High catalyst loadings
- Low temperature requirement for conjugate additions
- Specificity for aldehyde substrates

Within this thesis chemical and theoretical methods to address these deficiencies
were undertaken.

In Chapter 3, a direct comparison between the imidazolidinone and the diarylprolinol
ether scaffold under optimised literature conditions revealed the imidazolidinone
architecture to exhibit superior performance in the Diels-Alder cycloaddition between
cinnamaldehyde and cyclopentadiene.

In Chapter 2, the introduction of an electron withdrawing group onto the
imidazolidinone scaffold was investigated and its effect on performance on a benchmark
Diels-Alder cycloaddition determined. The upper limits of electron-withdrawing group
strength that may be tolerated in a functioning imidazolidinone organocatalyst were
revealed.

In Chapter 4, twelve novel catalysts were prepared by incorporating electron-
withdrawing groups into the imidazolidinone scaffold and their effects on both rate and
enantioselectivity determined.

In Chapter 5, a one-step air- and water-tolerant method for the preparation of the
MacMillan imidazolidinone catalysts was developed.

In Chapters 6 and 7, efforts to develop a predictive computational model for
imidazolidinone catalyst activity is described based around the experimental results obtained
previously in the thesis. The knowledge gained was then used to design structures with the
potential to exhibit high turnovers and extremely high levels of stereoselectivity. Expansion
of this model to encompass C,-symmetric catalysts was further explored in Chapter 8.

Chapter 9 summarises the work in Chapters 2-8 and highlights avenues of inquiry
along which this research may be continued.
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Chapter 1: Introduction to Iminium lon
Organocatalysis




1 Introduction to Iminium lon Organocatalysis
1.1 Overview

Building on work previously performed within the group, a project was undertaken to
design and develop high performance catalysts to address shortcomings within iminium ion
organocatalysis.

1.2  The Emergence of Organocatalysis

In his review published in 1990 and titled “Organic Synthesis — Where now?”, Seebach
states that “new synthetic methods are most likely to be encountered in the fields of
biological and organometallic chemistry”.! In the two decades since this review was
published, the use of organic molecules to catalyse organic reactions has gone from being an
oft-overlooked curiosity to a rapidly growing and universally recognised field within organic
chemistry, and also one in which Seebach himself is now a major player.

800 1

700 1
600 1 A
500 1 A Journal Articles containing the

400 1 concept "organocatalysis"
300 -

Journal Articles

200 ¢

A

100 1

0 A—rha—A

2000 2002 2004 2006 2008 2010
Year of Publication

A

Figure 1.1

One of the milestones that led to this explosion of interest occurred when, in 2000,
MacMillan coined the term “organocatalysis” in his first publication in the field of iminium
catalysis.2 Since then, the number of publications on the topic has increased every year,
showing both the increasing number of discoveries being made within the field, as well as
the growing acceptance of the term “organocatalysis” as a suitable anchor around which to
unify the many diverse lines of research (Figure 1.1).2

Two of the factors driving the incredible interest in this field of organic synthesis have
been the increasing interest in asymmetric synthesis and also in the drive towards greener
chemical processes.



With a global revenue stream expected to top $1 trillion USD by 2014 and an interest
in target compounds of ever increasing stereocomplexity, the pharmaceuticals industry has
been a strong driving force in the development of asymmetric chemical processes.4 The
agrochemicals, electronics, food, flavours and fragrances industries also drive the
development of asymmetric synthetic processes.’

2000 |
A
1500 |
3 A
(%]
£ A
< 1000 | A A Journal Articles containing the
£ A concept "green chemistry"
g A 4
sm 4
A
oA : , :
2000 2002 2004 2006 2008 2010

Year of Publication

Figure 1.2

The other major factor that simultaneously drives interest in organocatalysis and also
guarantees its future relevance is the drive towards “greener” chemical processes. From the
latter half of the 20" century onwards, there has been an ever-growing awareness of the
inseparability of our own biological substrates from the biosphere at large. The resultant
backlash towards environmentally destructive technology has given rise to an ever increasing
amount of legislation designed to encumber polluting processes and drive commercial
interests towards the development and use of environmentally benign chemical processes.
This is reflected in the ever increasing number of publications on the topic of “green
chemistry” and the launch of a journal by the RSC dedicated solely to the field (Figure 1.2).%’

As purely organic molecules that are required only in catalytic amounts, and with
chirality that may frequently be derived from natural amino acids, organocatalysts are
perfectly positioned to benefit from the drive towards asymmetric synthesis and green
chemistry.

1.3  Types of Organocatalysis

MacMillan describes 5 modes of activation by organocatalysts in his 2008 review.? In
decreasing order of new reactions discovered, he lists iminium catalysis (50), hydrogen-
bonding catalysis (30), enamine catalysis (25), SOMO catalysis (4), and counterion catalysis

(2).
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These activation modes may be grouped into two distinct classes, according to
catalyst functionality. Hydrogen bond donors such as 1 may be used to effect both hydrogen-
bonding catalysis as well as counterion catalysis (Figure 1.3)°
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Likewise, amines such as 2 may be used to effect iminium catalysis (Scheme 1.4),
enamine catalysis (Scheme 1.5), or SOMO catalysis (Scheme 1.6), depending on the reaction

conditions used.

2TFA
Scheme 1.6
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The seminal paper in the field of iminium ion organocatalysis was published in 2000
by MacMillan and showed how the use of 7-HCl at 10 mol% could catalyse the Diels-Alder
reaction of 5 and 6 in 19:1 methanol:water at 23 °C to achieve 99% conversion in 8 hours,
with 93% ee for both the endo- and exo- diatereomers, 8 and 9 (Figure 1.7).2

N
-
~0

H H H
N EtO,C._ > CO.Et
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Scheme 1.8

This activation mode was further explored by the MacMillan group in subsequent
papers detailing 3+2 cycloadditions, cyclopropanations, conjugate additions with open and
closed transition states, aminations and hydride reductions (Scheme 1.8).2%7
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While the work done by MacMillan in the field of organocatalysis has almost
exclusively used catalysts based on the imidazolidinone architecture (e.g 2 and 7), other
architectures have also shown catalytic ability. In particular, diarylprolinol ether catalysts
such as 10 and 11 have been used to accelerate a wide variety of transformations with high
degrees of asymmetry (Figure 1.9)."7

¢ H cl

|
QNS
A oS cl cl
PRy PN

(o}
F., ! or., !
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Figure 1.10: Enamine processes catalysed by the imidazolidinone architecture
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While not directly relevant to this project, the developments within enamine catalysis
illustrate the versatility of imidazolidinone organocatalysts and show areas in which insights
gained through research into iminium organocatalysis may also be utilised. The MacMillan
group has also shown the use of the enamine activation mode for effecting a-chlorination
and a-fluorination of aldehydes, a-fluorination of ketones and aldol reactions (Scheme
1.10).1%%
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The more recently discovered SOMO catalysis has been used by MacMillan to induce
allylation, vinylation, carbo-oxidation, epoxidation, and arylation (Scheme 1.11).27%°

1.4  Mechanistic Insight

Before the development of iminium ion organocatalysis within his group, MacMillan
postulated that the LUMO-lowering ability and kinetic lability of Lewis acid catalysts “might
also be available with a carbogenic system that exists as a rapid equilibrium between an

electron-deficient and electron-rich state”.?
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Scheme 1.12

This postulate lead to the idea of iminium ion organocatalysis, in which an
alkylammonium salt (12-HCI) may reversibly condense with an aldehyde (13) or ketone to
yield an iminium ion (14) (Scheme 1.12). 14 would then be expected to have a lower LUMO
energy than 13 and readily react with a diene (15), or other suitable reagent, to give a

product iminium ion (16). 16 could then hydrolyse to provide the product (17) and
regenerate 12-HCl.



.3/

%

)

%< |

)

)
)
7.,
g
)
E % %8
3 HI; "
0!

#

% %.

) # #
<8 0 :;.R

%< "

.3H*3



%

9

AO

% %9

#

% ;

% %D

)
.38H
*5
%< 2E
F

x5 (

*TF L+ (

.*5

34.8*

E o)



- /(N\ * @ dry CHaCN J{Sﬁo ¥ l/ana 17/'v

Scheme 1.17

18-HPFg was found to react with 6 in dry acetonitrile to give 21 and 22 (Scheme 1.17).
Upon aqueous workup, 8 and 9 could be obtained and were found to have moderate ee’s.?
Allowing 21 and 22 to stand for a period of days resulted in the gradual loss of enantiopurity.
This result indicated that the Diels-Alder reaction is reversible in dry acetonitrile and that the
forward reaction is under kinetic control. In both wet acetonitrile and in wet methanol, the
Diels-Alder reaction appears irreversible, indicating that hydrolysis/methanolysis of 21 and
22 is more rapid than the retro Diels-Alder reaction.

bt bﬁ

NG o
En g - ﬂ

P | isie

Ph 24,25
23

>
\;\S
AN
A
~Z

Scheme 1.18

Further complexity arose when research performed within our group elucidated the
multitude of species present under reaction conditions (Scheme 1.18).3! It was shown that all
aldehydes existed in equilibrium with their dimethylacetals and that the presence of water
drives the equilibrium towards the aldehyde.

In contradicting MacMillan’s postulate that cycloaddition was the RDS in the
benchmark reaction, research within our group has shown that the RDS is 18 formation and
that the cycloaddition is extremely rapid. The presence of water thus increases the rate of
the bimolecular iminium formation step by increasing the concentration of 6, which has been
shown to react with 7 far more rapidly than 23.3
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an\:ﬁx ‘ an\:ux + Hcl

7-HCI 7
Scheme 1.19

The finding that the RDS is iminium ion formation indicates that the concentration of
7, which exists in rapid equilibrium with 7-HCl, is also critical to attaining high turnover

(Scheme 1.19).

1.6 Catalyst Development within the Group

[

o N
| H HCl .
r + @ 10 mol% CatalystHCI AR + b/
Ph
5 6

CH30H, .%O
25°C,24h
8
3eq.

26 27 28

R= H COzEt CF3

Conversion (%) <5 62 93

Scheme 1.20

While conducting a structure activity relationship study, the ability of EWGs to
enhance catalyst efficacy was observed. The performance difference between 26, 27, and 28
in the benchmark Diels-Alder reaction between 5 and 6 serves to highlight this effect
(Scheme 1.20).%° 26, lacking any EWG’s, was seen to be a very poor catalyst, attaining less
than 5% conversion after 24 hours. 27 featured the ethyl ester EWG and was seen to effect
62% conversion in the same time period, while 28 which featured the much stronger
trifluoromethyl EWG allowed the reaction to proceed nearly to completion in the same time

period.
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Figure 1.21

Seeking to reproduce this rate enhancement in the already high-performing
imidazolidinone architecture, 29-32 were envisioned (Figure 1.21). Unfortunately, the
attempted syntheses of these compounds all failed and the catalytic activity of 29-32

remained unknown.*°

: Q
| . Lb
0
J‘) + @ 10 moi% 33-HC Py ﬁb//
Ph Ph

CH0H,
25°C,3h
5 6 8 9
3eq. 99%
Scheme 1.22

After failing to reach other target structures, 33 was prepared. In the benchmark
Diels-Alder reaction, it was found able to reach 99% conversion of 5 to 8 and 9 in 3 hours
when used at 10 mol% in methanol at 25 °C (Scheme 1.22).3° At the same loading,
MacMillan’s seminal catalyst 7 required 8 hours to attain the same conversion at 23 °C.?

This finding established that the premise of rate enhancement through addition of an
EWG was applicable to the imidazolidinone architecture and highlighted a path towards
lower organocatalyst loadings.
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1.7 Project Aims

As the most widely published subfield of organocatalysis, iminium catalysis appeared
a fruitful area in which to work. Additionally, there had been a long-running thread of
research into iminium organocatalysis within the group and many of the initial hurdies to
gain entry into the field had been overcome. This project aimed to build upon this research
and to address the primary shortcomings with iminium catalysis, which were seen to be:

- High catalyst loadings
- Low temperature requirements for conjugate additions
- Specificity for aldehyde substrates

As such, research was embarked upon with the goal of increasing catalyst turnover,
removing low temperature requirements from conjugate addition reactions, and
investigating the possibility of adapting catalysts for use with enone substrates.

13



Chapter 2: Fluorinated Imidazolidinones
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2 Fluorinated Imidazolidinones

2.1 Introduction

o /
N
i IN><
n

Ph H .HCl
/—< N 20 mol% 7-HCI Ph o
/ \ + MO
19: 1 CH3OH : H,0 _0
23°C
34 3 35
0)\:N/ 90%, 83% ee
N u><
TFA 0
(/ \> 20 mol% 7-TFA [ ) 7
NS
C e N i
THF : H,0
50°C,72h
3% 37 38
fo) / 81%, 90% ee
N
an:N>< B
© H . N
; wrvoor 7
20 mol% 7-HCIO,
Ph._ _N N ),
~Zg%en + 0
CHNO, : H,0 o=
20°C
39 3 40
98%, 94% ee
Scheme 2.1

In his seminal paper on organocatalysis, MacMillan reported the use of up to 20 mol%
of 7-HC! to accelerate the Diels-Alder reaction (Scheme 2.1).2 MacMillan has also reported
the use of up to 20 mol% 7 in conjunction with TFA for catalysing the conjugate additions of
pyrroles into enals and the use of up to 20 mol% of 7-HCIO, for catalysing 1,3-dipolar
cycloadditions.’>*® These high loadings are prohibitive to scale-up, as expense would be
incurred during catalyst synthesis and waste disposal. Informal discussions with industrial
process chemists raised the requirement for high loadings as the main barrier to using
organocatalysis on a large scale.*

Previous work within our group had shown that cyclic amines have rate advantages
over comparable acyclic amines and also that an electron-withdrawing group beta to the
active nitrogen could improve the turnover of a secondary amine catalyst, as seen in the
series of catalysts 26, 27, and 28 (Scheme 1.20).%°

At the time this work was performed, the RDS in the benchmark Diels-Alder reaction
was thought to be the cycloaddition itself, as had been shown to be the case when using
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28-HCl in the benchmark reaction.®® As such, it was postulated that EWGs raised reaction
rates by lowering the LUMO energy of the iminium ion. Recent work within the group has
shown that the RDS in the benchmark Diels-Alder reaction with 7-HCl, when conducted in a
methanol:water mixture, is iminium ion formation and that the cycloaddition is relatively
rapid.“‘1 Later research used *H NMR to monitor the complex equilibria occurring under
reaction conditions and showed the importance of considering all the species in Scheme
1.18.3' EWGs are now believed to increase rate by increasing the acidity of catalyst salts and
giving rise to higher concentrations of free amine under reaction conditions.

The goal of the work performed within this chapter was to increase catalyst
performance and allow for lower catalyst loadings by synthesising and evaluating EWG-
containing secondary amine catalysts.

2.2 Piperazine-2,6-dione work

|
OT; j¢o

H, c®
o} 41-HCI
| 20 mol% Ph o
7
| + + /7 I
methanol, 25 °C, 24 h ,
Ph s _ Ph
. o 69%
5 [ 8 9
Scheme 2.2

One of the key catalysts discovered during previous investigations within the group,
41, was found able to achieve 69% conversion in the benchmark reaction at 20 mol% loading
and 25 °C for 24 hours, using 5 equivalents of 6 (Scheme 2.2).>° This architecture was also
thought to hold promise as the foundation around which a C;-symmetric catalyst capable of
catalyzing the reactions of ketones as well as aldehydes could be constructed. Further
investigation was therefore undertaken with the aim of replacing the methyl group at N-1
position with an EWG to yield a more efficient catalyst.

7 \/ﬁ\ KHCO. o 0 o) I!l /o)
~ /lK/NHz + & A~ 3 H
N ~, N s
H ° acetonitrile O/U\/ \)J\N +
reflux, 2d H N
20%
42 43 44 M
Scheme 2.3

The synthetic route taken previously to reach 41 was the reaction of 42 and 43 in the
presence of potassium hydrogen carbonate in refluxing acetonitrile (Scheme 2.3). An initial
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Sn2 attack of the amine nitrogen upon the a-bromoester 43 was thought to yield the acyclic
intermediate 44, which could then undergo a 6-exo-trig cyclisation, favoured under Baldwin’s
rules, to yield 41 (29%).3

H

[0} (o} KqCOs 0 N o]

2!
HzNJ\/NHz + Bf\)J\o/\ —_— e . \]\: f
acetonitrile N
reflux, 66 h H
45 43 45
Scheme 2.4

An analogous approach towards 46 using 45 instead of 42 failed to provide the
desired product upon workup, and the reaction was assumed to have failed (Scheme 2.4).

H
jl\/NH HCl 4 Br\/ﬁ\ NaHCO; Ox N-_0
o ? NH,
N
H

acetonitrile
reflux, 17 h
23%

a7 48 46
Scheme 2.5

An alternative approach allowed 46 to be obtained from 47 and 48 in 23% yield
(Scheme 2.5).

OTNTO 0 o

+

) S L K
H t,17h

H
OTN TO
)

Boc

54%
46 49 50

Scheme 2.6

50 was formed from 46 and 49 in 54% yield (Scheme 2.6). Due to the low solubility of
46, the reaction had to be performed in DMF.
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o N0 0s_N._0O

v —
N N
Boc Boc

50 5153, 41
Reagents Solvent Conditions X Target
Pyridine, Tf,0 DCM -50°C-rt Tf 51
NaH, Ac,0 DMF rt, 18 h Ac 52
NaH, TFAA DMF rt, 16 h CFsCO 53
NaH, CH3l DMF rt,21h CHs 41
Scheme 2.7

A solution of 50 was treated with triflic anhydride at =50 °C and then warmed to room

temperature (Scheme 2.7). No product could isolated and only unidentified side products
could be seen. This was explained when a publication was found describing the reactive

nature of the complex formed between valerolactam and triflic anhydride.®

50 was then treated with sodium hydride, followed by acetic anhydride. Analysis of
the crude reaction mixture by *H NMR showed the continued presence of the peak
corresponding to the imidic proton, indicating the reaction had failed to give the desired

product.

The reaction was then repeated using the more reactive TFAA. Once again, 'H NMR

showed the presence of an unsubstituted imide.

As the methodology of deprotonation using sodium hydride followed by addition of

an electrophile was in doubt, a test reaction was performed whereby 50 was stirred in DMF

with methyl iodide and sodium hydride. *H NMR showed the presence of multiple products
with signatures indicating that methylation was occurring on the carbon atoms a- to the

imide. This result was surprising as the relatively acidic imide functionality, estimated to have

a pK, of around 15, was expected to be readily deprotonated by sodium hydride and the

resultant anion expected to react with methyl iodide through its nitrogen atom.*®
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94%

THF, 1,26 h

55 49 56

Scheme 2.8

The reaction of 55 and 49 in THF proceeded to completion (Scheme 2.8). A slight
excess of 55 was used and the residual amount was removed by twice washing an ethereal
solution of the crude mixture with citric acid (1 M). Evaporation of the ethereal solution
provided 56 in 94% yield.

~_© \ﬂ/\N /\n/o - 4 NHyHCI E,GN T :/[/
o éoc o H CHgCN 60°C,45h
56
Scheme 2.9

An attempt at inducing a reaction between allylamine, generated in-situ from 57, and
triethylamine failed and starting materials were recovered (Scheme 2.9).

(o} o}
YN - T Y
o} Boc O EtOH CH;CN
rt, 4.5 h, reflux, 20 h

56 59 41

Scheme 2.10
Using 59 also failed to induce any reaction as only 56 was recovered from the reaction
mixture (Scheme 2.10). No traces of product or acyclic intermediate were noted. At this

stage, a lack of results prompted the abandonment of research into the piperazine-2,6-dione
architecture so as to focus efforts on the more promising imidazolidinone architecture.
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2.4  Synthetic attempts towards 30

[0}
CH3NH,
B Bn
n O/\ [ H/
t, 96 h
NH,HCI EtOH. . NH,
95%

61 62

Scheme 2.13

61 was stirred in 33% (w/w) ethanolic methylamine for 5 days at room temperature,
and 62 obtained in 95% yield after aqueous workup (Scheme 2.13). The 'H NMR spectra of 62
showed a doublet (J = 4.99 Hz) at 2.82 ppm, corresponding to the N-methyl group. The
splitting arose from coupling to the amidic proton and has been established within the group
as a reliable diagnostic tool to determine whether the amidic methyl! group is part of an
uncyclised amide or a cyclised imidazolidinone, in which case the peak appears as a singlet.

Q o] /

B"\KU\N/ i N CcFs
H + PN X
NH, FiC™ TCFs DMSO, gn” >N~ CFs
80 °C, 30 min, H
n,17h
62 63 30

Scheme 2.14

As a first synthetic attempt towards 30, a solution of 62 in DMSO at 80 °C was treated
with gaseous 63, generated by the action of concentrated sulfuric acid on the liquid
sesquihydrate (Scheme 2.14). After stirring for 17 h at room temperature, an aqueous
workup was performed. 'H NMR of the organic faction showed a complex mixture of
products.

f o. ./

Bn e i N cr

o A <

NH, FiC” CFy DMF, B N
80°C,24 h H

62 63 30

Scheme 2.15

A second attempt was then made by substituting DMF for DMSO and repeating the
procedure in the first experiment, stirring for 24 hours at 80 °C instead of room temperature
(Scheme 2.15). A complex mixture of products was returned, and column chromatography
failed to isolate any factions with *H NMR signatures matching those expected of 30.
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F.C CF, Bn 0 Bn
0 3 3 H
Bn e n N

W/U\ﬁ + /U\ —_ HOXN/H]/ ~Nf —m Fac)]\N/k[r ~
FsC~ “CFs3 H H
NH, 0 o
62 63 64 65
Scheme 2.16

To allay fears that the presence of water may be hindering the reaction, dry DMF was
used and the second attempt was repeated, stirring for 4 hours instead of 24 hours (Scheme
2.16). Once again, the reaction did not proceed cleanly and resulted in a complex mixture of
products. A crystalline product was isolated by precipitation from the crude mixture and was
found to be insoluble in almost all organic solvents. Accordingly, the product was purified by
successive washings with chloroform. A doublet of integration 3 and coupling constant 4.87
Hz at 2.62 ppm matched closely the N-methyl doublet of 62 and indicated this material to be
uncyclised. Consideration of DEPT, HSQC and HMBC spectra alluded to 65 as a possible
structure. This was confirmed when 65 was independently synthesized from 62 and TFAA. At
this stage, it appeared that 64 was forming but, rather than dehydrating to give an imine,
was undergoing a fluoroform elimination to give 65.

B i 0 TFA © N/
n C.
\(U\”/ + /U\ I ><CF3
NH, FiC” CFy DMSO, 80 °C, 67 h B N CF3
62 63 30
Scheme 2.17

To disfavour this elimination and encourage dehydration, the reaction was repeated
in DMSO and in the presence of catalytic TFA (Scheme 2.17). Once again, the spectrum of the
crude mixture was ambiguous while column chromatography yielded a complex mixture of
products, none of which bore the signature of an imidazolidinone.

0 N/ CF3; Bn 0
j\: ><CF3 —_— F CAN/H(H\ Bn\fu\N/ + /ﬁ\
g A e I = NH, H FiC” CFy
30 66 62 63
Scheme 2.18

Fluoroform elimination was a quite unexpected side reaction that presented a barrier
to further progression with this synthetic methodology. Rather than trying for a one-step
synthesis of 30, it was decided that isolation of 66 followed by a separate cyclisation step
might be a more profitable approach (Scheme 2.18). A search of the literature for the
preparation of a-polyfluorinated imines showed that almost all methods employed a
dehydrating agent. This indicated that the intermediate aminols did not readily dehydrate.
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FsC. CFs N
. POCI3
NHz +  Fc” ey — \u OH — ™ Fc” CR

59 63 67 68

Scheme 2.19

One notable technique for aminol dehydration was the method of Middleton and
Krespan.” In a representative synthesis, 59 and 63 were allowed to combine at low
temperature to yield 67. POCl; was then added, and 68 was isolated by distillation (Scheme
2.19).

B i 0 oCl NI

n - POCh CF

\‘/U\n + FC/U\CF i paoily
NH, 3! 3 Bn H CF3
62 63 30

Scheme 2.20

Using this methodology, 62 was dissolved in anhydrous pyridine, cooled to =20 °C and
treated with 63 and then with phosphorus oxychloride. The reaction mixture was stirred at —
20 °C for 1 hour and then refluxed for 2 hours (Scheme 2.20). Extensive column
chromatography of the crude reaction mixture failed to isolate any factions resembling 30.

This experiment was reattempted using 1:1 pyridine:acetonitrile as a solvent, allowing
the temperature to be lowered to —78 °C before the phosphorus oxychloride was added.
Extensive column chromatography was performed on the crude reaction mixture, but failed
to isolate the desired product or shed light on why such a diverse array of side products was
being formed.

NH, DCM, -78 °C N

0
B"j/tkn -, j\ Fi, s B0
N
H FsC~ TCF3 HO N)ﬁ]/ A
o

62 63 64

Scheme 2.21

Results so far had been discouraging. While there was indisputable evidence that 62
and 63 were interacting, the only product that had been isolated in any significant yield was
65. The wide array of side products observed indicated conditions were too forcing. In order
to ascertain whether 62 and 63 may form a stable complex under mild conditions, a solution
of 62 in anhydrous DCM was cooled to ~78 °C and treated with an excess of 63. Upon
warming to room temperature and evaporation of the solvent and excess 63, pure 64 was
obtained in quantitative yield (Scheme 2.21). 64 proved to be a stable compound with a
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structure that could be confirmed by full characterization. Further study showed 64 to
undergo slow elimination of 63 at room temperature, gradually reverting to 62 over the
course of a few weeks. The presence of water or protic solvents was found to speed up this
process dramatically, whereas minimal degradation was observed after storage in the
absence of air and moisture at low temperature for around a year.

O, N/ oF CFy Bn H FiC_ CF3 Bn H
>< 3 fr— /& N ~ —_ X N ~
Bn N CF3 F3C N HO H
H o} o]
30 66 64
Scheme 2.22

Having formed one of the desired bonds and overcome the problems of dealing with
a gas by fixating the trifluoromethyl groups in a stable aminol, attention was focused around
converting this intermediate into the desired product 30. As the trifluoromethyl groups
appeared to impart a strong preference for sp hybridisation upon their attached carbon
atom, it was envisaged that if imine 66 could be formed in the absence of strong
nucleophiles, spontaneous cyclisation should yield 30, potentially a stable product {Scheme
2.22).

F“C><CF3 T H OJ\:N/ CF,
HO u/Ho‘/N\ — u><c,:3
64 30
Reagent Solvent Conditions
H,S0, - rt, 4h
CSA CDCl5 rt, 16 h
TFA CDCl3 rt, 16h
BBr3 CDCl3 rt, S min
BF3-Et,0 CHCl3 rt, 5 min
MgSO0, CDCl3 rt, 97 h
P4O10 CDCl3 rt, 98 h
FeCl3 THF rt, 16 h, N,

Scheme 2.23

64 was stirred in concentrated sulfuric acid for 4 hours, then basified and extracted
with ether (Scheme 2.23). Upon evaporation, a mixture of 62 and 64 was returned.

A solution of 64 in deuterated chioroform was treated with catalytic CSA. This also
induced elimination of 63 and reversion to 62.
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A solution of 64 in deuterated chloroform was treated with catalytic TFA. Leaving the
tube to stand overnight at room temperature induced partial conversion to an unidentified
product. 'H NMR showed a doublet (/ = 4.7 Hz) at 2.50 ppm, indicating the material was
uncyclised.

A solution of 64 in deuterated chloroform was treated with catalytic boron
tribromide. An immediate reaction occurred and precipitate was formed. Due to the
presence of precipitate, 'H NMR yielded a poor quality spectrum. It did indicate, however,
that a mixture of products had been formed and that treatment of 64 with boron tribromide
was unlikely to provide any single product in good yield.

A solution of 64 in deuterated chloroform was treated with catalytic boron trifluoride
etherate. A precipitate formed immediately and the reaction was discarded. The reaction
was repeated in regular chloroform, using stoichiometric boron trifluoride etherate. The
precipitate was filtered, dried, and dissolved in DMSO-d¢ for 'H NMR. The spectrum
appeared to show a complexing of 64 with the boron trifluoride, but did not show any
chemical conversion.

A solution of 64 in deuterated chloroform was stirred over magnesium sulphate for
97 hours, then filtered and analysed by *H NMR. This showed that the reaction mixture
consisted mainly of 64 with small amounts of 62.

A solution of 64 in deuterated chloroform was stirred over phosphorus pentoxide for
98 hours before being filtered through Celite®. Decomposition or polymerisation appeared to
have occurred, as the Celite® retained a quantity of insoluble organic matter, while the
deuterated chloroform appeared to contain no solutes.

64 and 0.3 equivalents iron(lll) chloride were stirred in dry THF under nitrogen.
Filtration through silica to remove iron complexes and residues returned a small amount of
an unidentified compound. The reaction was repeated with stoichiometric iron(lll) chloride,
and the only product that could be isolated was 65.

FiC_ CF3 Bn H ¢ B H FSC><CF3 T H
N N
AP == [y | == ey
H H o Ie) o
69 66 64
Scheme 2.24

As dehydration of the aminol followed by in-situ cyclisation appeared to have failed,
attempts were made to test for the presence of an intermediate by capturing it with an
amine (Scheme 2.24). Isopropylamine was chosen for its availability in the lab and low boiling
point, allowing any excess reagent to be readily evaporated.
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64

Scheme 2.25

A solution of 64 in deuterated chloroform was treated with TFAA and triethylamine
then stirred for 90 hours at room temperature, before excess isopropylamine was added
(Scheme 2.25). The solvent and residual isopropylamine were removed by evaporation and
the residue was found to contain 62 and 64, but no trace of 69.

The previous reaction was repeated using thionyl chloride instead of TFAA. Septuplets
at 4.73 and 4.53 ppm suggested that the isopropyl moiety had been incorporated, but only in
trace quantities.

The experiment was then repeated using oxalyl chloride as the dehydrating agent and
gave rise to a mixture of products. Column chromatography was preformed, yielding a
significant quantity of a bright yellow solid. The structure of this product was not deduced.

1. Buli
FiC, CF; Bn _2PrPoal I \ors
/'\H/ DME -78°C CFs
30

Scheme 2.26

Earlier attempts at dehydrating 64 using phosphorus oxychloride had failed. 1t was
proposed that failure could be due to the phosphorus undergoing attack from the amide
functionality of the aminol, as occurs in the Vilsmeier-Haack reaction. As the hydroxyl group
of the aminol functionality was acidic, it was conceived that the use of base to remove this
proton could lead to its reaction with a dehydrating agent. A solution of 64 in DME at -78 °C
was treated with butyllithium, followed by diphenyl chlorophosphate (Scheme 2.26). Upon
workup, a mixture of products was obtained, including one chloroform-insoluble white solid.
A structure for this compound was not elucidated, but 'H NMR showed it to be uncyclised
while *C NMR showed it to be free of trifluoromethyi groups.

26



1. Bui o. ./

Bn
—S e
HO” ~N ~ o N’ CF
H DME, -78 °C Bn” "N 3
o]

64 30
Scheme 2.27
Methanol was substituted for diphenyl chlorophosphate and the reaction repeated

(Scheme 2.27). This resulted in a crude reaction mixture consisting mostly of 62, showing
that loss of 63 had occurred.

o} 0 CF3
0 -~
/U\ + NH, TFAA, pyridine N CFs
FaC CF3
70%
63 70 k4
Scheme 2.28

As a testimony to the extreme reactivity of 63, a search of the literature had revealed
its ability to condense with amides to yield N-carbonylimines.*®*? In the example of Burger et
al, 63 condensed with 70 in the presence of TFAA and pyridine to furnish 71 (Scheme 2.28).
Compounds of this nature appear to be stable, as evidenced by the commercial availability of
71

oW O CF 0 jza 0
CF3 8n Bn Bn
BnINXCFs > ® T)\CF s | — @rlq CFy, — H/
H N ~
NHZ BOC/ Boc Boc/ N ~ Boc
30 72 73 74
Scheme 2.29

It was envisaged that if the amine functionality of 62 could be protected as compound
74, condensation with 63 could yield iminium ion 73. Removal of the Boc groups under acidic
conditions would then yield intermediate 72, which would spontaneously cyclise to the
desired compound 30 (Scheme 2.29). As carbamates are more nucleophilic than amides, it
was deemed necessary to add two Boc groups such that 74 would condense only with the
amide.
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Scheme 2.30

A first attempt at preparing 74 involved stirring 62 in the presence of 2 equivalents of
49 over potassium carbonate in THF for 19 hours at room temperature and 2 hours at reflux
(Scheme 2.30). Upon workup, the crude reaction mixture was seen only to contain 49 and 75,
with no trace of 74.

@ o] o]
DMAP Bn
Bnﬁ)kN/ + ﬂ\ )J\ )l\ J< ¥ N~
" H 0~ Y07 ~o DCM H
N<
Boc

reflux, 40 h BOC/N\BW
75 49 74

Scheme 2.31

Refluxing 75 in DCM with DMAP and 49 for 40 hours failed to yield 74; 75 was
returned unchanged (Scheme 2.31). Due to the complexity of the route envisaged towards
30 via 72 and the difficulty in obtaining the initial 74, these synthetic adventures were
curtailed.

rt, 10 min
63 7

o}
QOH + J DCM @\Fggs
—_————
FC™ CFs 7g+c 50 min 0~ “OH
76

Scheme 2.32

As an investigation to see whether a stable complex between a less powerful
nucleophile and 63 could be isolated, a solution of 76 in DCM at —78 °C was treated with an
excess of 63. Fixation appeared not to occur, as when the solution was warmed slowly to
room temperature and the DCM and excess 63 evaporated, only 76 was returned (Scheme
2.32).

At this point, a lot of synthetic effort had been expended and minimal progress
towards 30 had been made. It appeared novel synthetic approaches would be required to
access such a highly fluorinated compound and the development of such approaches was
beyond the scope of this project. As such, efforts towards 30 were discontinued.
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2.5  Trifluoroacetophenone

0,
o N/ @ (o] —2‘N/
Bn
j: X —_ CFs N)
Bn N CF5 H
H NO.
79

33

2

78

Scheme 2.33

Attempts to incorporate 63 into an imidazolidinone had failed. Accordingly, the less
fluorinated structure 78 was targeted. 78 was seen as having similarity to 33, a catalyst
previously developed within the group, as well as theoretically being synthetically accessible
from 79, a relatively cheap and easily handled ketone (Scheme 2.33).

. e
Bn e -
CF. L
o, : PSS
NH2 Bn! H
62 79

78

Catalyst Solvent Conditions
PTSA DMF MW, 120 °C, 60 min
PTSA DMF . 120°C,68 h
AcOH CHCl3 reflux, 42 h

Scheme 2.34

An attempt analogous to the synthesis of 33 was made whereby 62, 79 and catalytic
PTSA in DMF were subjected to microwave irradiation at 120 °C for 1 hour (Scheme 2.34).
This resulted in a distribution of uncyclised products, but no imidazolidinone was detected by
'H NMR analysis.

Under thermal conditions, stirring 62 and 79 in DMF at 120 °C with catalytic PTSA for
68 hours resulted in extensive side product formation and no trace of the desired product.

62 and 79 were then refluxed in chloroform in the presence of acetic acid for 42
hours. Upon analysis by *H NMR, the crude was found to contain mainly starting materials,
with traces of an unidentified uncyclised product.
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Curious about the apparent unreactivity of 79, a brief assay was performed to see
whether it would react with powerful electrophiles. Solutions of 79 in deuterated chloroform
were treated with 1 equivalent of either triflic anhydride, phosphorus(lil) bromide, or oxalyl
chloride (Scheme 2.35). In each case, no reaction was observed after standing overnight at
room temperature.
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Scheme 2.36

The aza-Wittig reaction can be used to obtain imines from phosphorimines and
ketones. The reaction is believed to go via a 4-membered intermediate, extruding
triphenylphosphine oxide in a manner analogous to the Wittig reaction. Publications were
found describing its use in forming fluoroakylated imines and it was deemed worthy of
investigation.*®*! A solution of 81 was prepared in-situ by the reaction of 80 with elemental
bromine. Upon the addition of 62, 82 was formed in qualitative yield (Scheme 2.36). To
attempt deprotonation, 82 was then stirred overnight in DCM with potassium carbonate and
a material believed to be the phosphorimine 84 isolated.

Bn Q
N \/lL N
Ph_ p-xylene H H
P refiux, 89 h CFs3 Bn

Scheme 2.37

The suspected phosphorimine was then refluxed with 79 for 89 hours in p-xylene, but
failed to produce 84 (Scheme 2.37).
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Scheme 2.40

Gallium(lll) triflate 86 was not commercially available and initial attempts were made
with Lewis acids already present in the lab. 62 and 79 were refluxed in toluene for 18 hours
in the presence of 5 mol% zinc perchlorate, a mild Lewis acid (Scheme 2.40). The reaction
failed to produce the desired product, and the crude was found to consist solely of starting

materials.
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Bn - CF
\rlLu + ©/U\ 3 Yb(OTf)3 ©YN \/U\u/

H H
NH; DCM, CF3 Bn
reflux, 19 h
62 79 84
Scheme 2.41

The next attempt was using the more powerful azaphilic Lewis acid ytterbium(lil)
triflate at 7.5 mol% concentration in refluxing DCM for 19 hours (Scheme 2.41). No reaction
was observed and starting materials were returned intact. It was noted that the catalyst
seemed insoluble in the refluxing DCM.
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Scheme 2.42

Another attempt in refluxing chloroform using 9 mol% catalyst achieved quantitative
conversion to imine 84 but failed to produce any imidazolidinone (Scheme 2.42). While this
result was very encouraging, further attempts to discover a one-step condensation and
cyclisation reaction seemed warranted.
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Increasing the temperature to 120 °C by heating 62, 79, and ytterbium(lll) triflate at
120 °C in a sealed vessel did not induce cyclisation and also yielded lower quantities of imine

(Scheme 2.43).
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Scheme 2.44

The reaction was then repeated under microwave irradiation at 150 °C for 60
minutes, resulting in widespread decomposition (Scheme 2.44).
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Scheme 2.45

Lowering the temperature to 140 °C and changing the solvent to DCE to reduce
pressure in the reaction vessel did not alleviate the decomposition, and the reaction again
failed to produce 78 (Scheme 2.45).

TfOH
Ga ——mm Ga(OTf),
150°C, 86 h
100%

86
Scheme 2.46

Given the ability of ytterbium(lll) triflate to cleanly catalyse the formation of 84, the
investigation into Lewis acids appeared to be bearing fruit. It was deemed worthwhile to
synthesise gallium(lll) triflate 86 so as to investigate its catalytic efficacy. Accordingly, the
synthesis was performed by heating gallium metal in excess triflic acid at 150 °C for 4 days
(Scheme 2.46).** The progress of the reaction could be observed as lustrous beads of gallium
metal rose atop pillars of the light grey triflate. When the majority of gallium had converted
to the triflate, the reaction was cooled to room temperature, then poured into water.
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Residual gallium metal was removed by filtration and the filtrate was evaporated and the
residue dried in vacuo at 240 °C to yield gallium(iil) triflate 86 in 66% yield. None of the usual
forms of characterization were possible due to the nature of the compound. A neutral pH
reading indicated the absence of triflic acid and the compound, a freeflowing gray powder,
was assumed to be pure.
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Scheme 2.47

As gallium(ll) triflate 86 appeared completely insoluble in chloroform, acetonitrile
was used as a reaction solvent. 62 and 79 were refluxed over 3A molecular sieves in the
presence of 5 mol% of the catalyst (Scheme 2.47). This facilitated 44% conversion to 84 but
did not induce cyclisation to 78.
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Scheme 2.48

62 and 79 were then subjected to microwave irradiation in the presence of 15 mol%
of gallium(lll) triflate 86 at 120 °C for 60 minutes, which induced clean conversion to 84 as a
single isomer but again failed to produce any imidazolidinone (Scheme 2.48). Subjectively, in
the reactions between 62 and 79, gallium(lll) triflate (86) appeared comparable to
ytterbium(lil) triflate, if a little less potent.
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Scheme 2.49

As a final attempt towards a one-step synthesis of 78, copper(ll) triflate was used to
catalyse the reaction between 62 and 79. An attempt under thermal conditions using 8 mol%
catalyst under dry conditions induced conversion to 84, but at a lower rate than
ytterbium(lll) triflate (Scheme 2.49).
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Scheme 2.50

It was suspected that water formed during the condensation of 62 and 79 was
moderating the reactivity of the copper catalyst and surmised that by increasing the catalyst
loading, the relative effect may be reduced. To investigate this, microwave irradiation of a
dry acetonitrile solution of 62 and 79 at 120 °C for 60 minutes in the presence of 29 mol%
catalyst was performed (Scheme 2.50). This resulted in 83% conversion to 84 with no
detectable cyclisation.
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Scheme 2.51

Applying the methodology developed so far, 62 and 79 were refluxed in acetonitrile
for 62 hours under nitrogen, over molecular sieves and in the presence of 37 mol% copper(li)
triflate. After aqueous workup, column chromatography was used to provide 0.97 g of 84 in
40% isolated yield (Scheme 2.51).
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Scheme 2.52

The comparable reaction using 5 mol% ytterbium(lil) triflate in refluxing chloroform
furnished 1.27 g of 84 in 63% yield (Scheme 2.52). 84 was found to be a stable, air-
insensitive, compound and was fully characterised. Having obtained 84, methodology for its
cyclisation to imidazolidinone 78 was developed.
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Scheme 2.53

For the sake of simplicity, a protic acid, TFA was tried first. 84 and 36 mol% TFA in
DMF were subjected to microwave irradiation at 120 °C for 60 minutes (Scheme 2.53). The H
NMR spectra of the crude showed partial conversion to a single compound that was isolated
by column chromatography. Full characterisation was not performed, but the 'H NMR
spectra acquired indicated the structure to be that of 87, which may have arisen via a 1,3-
hydride shift. A doublet of 5.13 Hz and integration 3 at 2.87 ppm indicated the material to be
uncyclised, while the benzylic protons originating from the amino amide portion of the
molecule appeared as two doublets of coupling 14.42 Hz, indicating the absence of the a-
carbonyl proton with which they normally appeared as an ABX system. The a-carbonyl
proton, normally present at 4.18 ppm and coupled to the benzylic system, had been replaced
by a quartet at 5.01 ppm with a coupling constant of 7.23 Hz, a potential value for a *J¢y
coupling constant.** An attempt was made to convert 87 to known compound 88 by stirring
in 1:1 4 M hydrochloric acid:THF, but no organic material was recovered upon evaporation
and extraction with diethyl ether.
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84 78
Scheme 2.54

A solution of 84 and ytterbium(lil) triflate (13 mol%) in DMF was subjected to
microwave irradiation at 120 °C for 60 minutes (Scheme 2.54). Although previous attempts to
generate 78 directly from 62 and 79 using ytterbium(lll) triflate under microwave irradiation
had resulted in decomposition, it was hoped that in the absence of the starting materials and
in the absence of the water arising from their condensation, there may exist potential for 84
to cyclise to 78. This potential was not bourne out, as the crude reaction mixture contained
mainly 84, with no traces of 78 appearing.
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A solution of 84 and indium(lll) triflate (31 mol%) in DMF were subjected to
microwave irradiation at 120 °C for 60 minutes (Scheme 2.55). The result was similar to the
previous experiment and the crude was almost entirely starting material, with traces of 79.
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Scheme 2.56

A solution of 84 and copper(l) triflate toluene complex (23 mol%) in dry acetonitrile

were subjected to microwave irradiation at 120 °C for 60 minutes (Scheme 2.56). No reaction

occurred, and the starting material was returned.
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Scheme 2.57

A solution of 84 and copper(ll) triflate complex (28 mol%) in dry acetonitrile were
subjected to microwave irradiation at 120 °C for 60 minutes (Scheme 2.57). This resulted in
clean conversion of 84 into equal amounts of 78 and 89 (70% combined yield).
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An attempt to lower the catalyst loading by using 14 mol% copper(!l) triflate and 130
°C reaction temperature failed and 84 was returned unchanged (Scheme 2.58). It was
suspected that improperly dried acetonitrile was deactivating the catalyst.

Irradiating 84 in bench acetonitrile in the presence of 37 mol% copper(ll) trifiate at
120 °C for 60 minutes also failed to induce any cyclisation and 84 was returned. It was
observed at this point that if the reagents and reaction solvent were dried, the reaction
mixture would initially be a pale turquoise colour, while the presence of water would result
in a deep blue colouration. It was therefore surmised that the attempt to reduce the catalyst
loading failed due to the presence of water in the reaction mixture.

Noting that the copper(ll) triflate in the bottle had a pale blue tinge, it was dried by
heating at 100 °C in vacuo for 30 minutes, during which time the colouration disappeared. 84
was also dried by heating at 60 °C in vacuo for 1 hour then dissolved in freshly distilled
acetonitrile. 9 mol% freshly dried catalyst was added and the pale blue solution irradiated at
130 °C for 60 minutes. Unfortunately, despite the attempts to keep the reaction anhydrous,
only traces of product were detected and the bulk of the material remained as 84.
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Scheme 2.59

Repeating the previous reaction using 65 mol% pre-dried catalyst in dry acetonitrile
resulted in complete conversion of 84 to 78 and 89 (Scheme 2.59). Whereas running the
reaction at 120 °C had resulted in a 1:1 ratio of the diastereomers, this reaction provided 78
and 89 in a 2:1 ratio (63% combined yield).

38



o /

Sy U

MW, dry CH3CN, N~ CFs
CFy Bn 125 % %om Bi™ R

84 78 89
34% 29%

Scheme 2.60

Having determined the conditions required for the cyclisation of 84 to occur, the
reaction was scaled up. 0.95 g of 78 and 50 mol% copper(ll) triflate in 15 mL dry acetonitrile
were irradiated at 125 °C for 90 minutes (Scheme 2.60). An aqueous workup was performed
to remove the catalyst, and column chromatography provided clean 78 and 89, in 34% and
29% vyield, respectively.
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Scheme 2.61

An unexpected barrier to further progress was stumbled upon when attempting to
form hydrochloride salts of 78 and 89. In accordance with the standard procedure for
forming catalyst hydrochloride salts, ethereal solutions of 78 and 89 were treated with
anhydrous hydrogen chloride gas generated from the reaction of concentrated sulfuric acid
upon ammonium chloride (Scheme 2.61). in the usual case, upon treatment with hydrogen
chloride gas, the formerly clear ethereal solution was be seen to turn cloudy for a few
seconds, before regaining transparency as a precipitate appears. Precipitate formation is
usually complete after 10 minutes and the product may be obtained in a pure form by
filtering and washing with ether. When this procedure was attempted with 78 and 89,
however, no reaction of the ethereal solution with the hydrogen chloride gas was noted,
even when the gas was bubbled through for 1 hour. Evaporation of the now-fuming ethereal
solutions returned 78 and 89 as free amines. While unexpected at the time, literature
descriptions of similarly fluorinated amines indicate that low basicity and an unwillingness to
form salts is not unprecedented.*>¢
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2.6 Benchmark Reaction Attempted
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Discovery of a synthetic route to 78 and 89 had proved most troublesome and
required substantially more effort than expected. As such, it was deemed necessary to
properly test for catalytic activity, rather than assuming their inability to form hydrochloride
salts would render them catalytically inactive. In a modification to the standard procedure
for performing Diels-Alder reactions, benzoyl chloride was preadded to methanol, generating
1 equivalent of hydrogen chloride in situ, after which water and 78 was added, followed by 5
and 6 (Scheme 2.62). After stirring the homogenous solution for 4 hours, no conversion to 8
or 9 was observed.
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Scheme 2.63

The reaction was repeated with 89, which also resulted in no conversion after 4 hours
(Scheme 2.63). These results, combined with the lack of basicity observed with 78 and 89, led
to the conclusion that 78 and 89 were not catalytically active in the Diels-Alder reaction of 5
and 6. Further investigations were not performed.

2.7  Trifluoroacetone based catalysts
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Scheme 2.64

Loath to discard hard won experience in the incorporation of fluoroalkyl groups into
the imidazolidinone architecture, a final attempt at a functional trifluoromethylated catalyst
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was made. 90 and 91, lacking the phenyl EWG of 78 and 89, were seen to have the potential
to be basic and nucleophilic enough to be viable catalysts (Scheme 2.64) (calculated
basicities: Chapter 7.2).
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Scheme 2.65

92 proved difficult to handle, due to its low viscosity and low boiling point (22 °C). In
order to assess the ease with which 62 and 92 may condense to form 93, conveniently
fixating the trifluoromethyl moiety, 62, 4 equivalents of 92 and a drop of TFA were dissolved
in deuterated chloroform and reaction progress monitored by 'H NMR (Scheme 2.65). Total
conversion of 62 to 93 was observed after the NMR tube was allowed to stand overnight at
room temperature.
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Scheme 2.66

62 and 2 equivalents of 92 were stirred with 1 drop of TFA in chloroform for 19 hours.
Upon evaporation of the solvent and excess 92, 8.1 g of 93 was obtained in qualitative yield
{Scheme 2.66).
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Scheme 2.67

Using the same procedure as was developed for the cyclisation of 84, 93 and 22 mol%
copper(ll) triflate in dry acetonitrile were irradiated at 140 °C for 60 minutes. After aqueous
workup and column chromatography, 90 and 91 were obtained in 14% and 13% vyield,
respectively (Scheme 2.67).
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In line with the normal procedure for forming hydrochloride salts, an ethereal
solution of 90 was treated with hydrogen chloride gas (Scheme 2.68). Initially, no interaction
was noted and the hydrogen chloride gas was observed to bubble freely through the
solution. After around 40 minutes, an abrupt change was noted as precipitate began to form
and gas absorption began. A further 5 = 10 minutes later, hydrogen chloride was once again
seen to be passing freely through the solution and the insoluble product was isolated by
filtration, yielding 90-HCl (79%). The procedure was repeated using fresh 90 and once again,
a prolonged period of apparent inactivity occurred before precipitate was seen to form.
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Scheme 2.69

An ethereal solution of 91 exhibited the same behaviour when treated with hydrogen
chloride gas, yielding 91-HCl in 96% yield (Scheme 2.69).

2.8  Benchmark Reaction Re-attempted
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Scheme 2.70

90-HCl was evaluated in the benchmark reaction, but failed to catalyse any product
formation even after the reaction had been run for 17 hours at room temperature (Scheme
2.70).
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Scheme 2.71

91-HCl was evaluated in the same manner and found to be without activity (Scheme
2.71).
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A 0.1 M solution of 90-HCl in 19:1 deuterated methanol:deuterated water was
treated with 5 equivalents of 5 and the results observed by *H NMR (Scheme 2.72). No traces
of 94.E or 94.Z were observed even after more than 48 hours standing at room temperature.
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Scheme 2.73

The experiment was repeated with 91-HCl and showed no sign of iminium ions after
standing for over 48 hours at room temperature (Scheme 2.73). These experiments indicated
that the reason for the lack of catalytic activity observed with 90 and 91 is rooted in their
unwillingness to form iminium ions with 5 under the conditions examined. It appeared that
while the elimination of the phenyl group of 78 and 89 had allowed hydrochloride salt
formation to occur, the trifluoromethyl EWG was still too strong to allow 90 and 91 to exhibit
iminum ion formation and catalytic activity.
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2.9  Trichloromethyl EWG attempts
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Figure 2.74

As the trifluoromethyl group had proved too strong an EWG to be incorporated at the
2-position of an imidazolidinone catalyst, the trichloromethyl group was considered. The
longer carbon-chlorine bond length and greater van der Waals radius of the chlorine atoms
renders the trichloromethyl group a closer steric match to a tert-butyl group than a methyl
group. Accordingly, 96 presented a sensible target structure that could be considered as an
analogue of 2 and may thus have potential for use in open transition state reactions (Figure
2.74).
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Scheme 2.75

A one-step synthesis of 96 was attempted when 62, 97 and 17 mol% PTSA were
subjected to microwave irradiation in DMF at 130 °C for 60 minutes (Scheme 2.75). The
resultant dark oil was found to contain a large number of unidentified compounds and the
reaction was deemed to have failed.

In a preparation analogous to that published for 2, 62, 97 and 23 mol% iron(lll)
chloride were stirred over 3A molecular sieves in dry THF at room temperature.'> Multiple
products were observed in the crude mixture, including traces of a possible imine.

As the formation of brown iron(Ill) oxide indicated that the reaction was generating
water, it was hoped that by using a larger amount of catalyst, the water of condensation may
be absorbed without deactivating all of the iron(lll) chloride. Molecular sieves were omitted
as they appeared unable to sequester water before it reacted with the iron(lll) chloride. 62,
1.7 equivalents of 97 and 93 mol% iron(lll) chloride were stirred in dry THF for 22 hours.
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Once again, a mixture of products was observed, including a potential imine. As a one-step
synthesis appeared out of reach, a two-step solution was sought.
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Scheme 2.76

62 and 97 were stirred in DCM with 9 mol% PTSA at room temperature for 66 hours
(Scheme 2.76). A aqueous workup was performed to remove the PTSA and the crude was
subjected to column chromatography, providing 98 in 36% yield.
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Scheme 2.77

98 and iron(lll) chloride were stirred in dry THF under nitrogen at room temperature
for 22 hours. The crude was taken up in diethyl ether and washed with water and brine.
Upon evaporation, no residue was obtained, indicating the products were lost in the aqueous
layers (Scheme 2.77).
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98 and 14 mol% PTSA were refluxed in IPA for 16 hours (Scheme 2.78). After aqueous
workup, the resultant mixture was seen to contain a mixture of products, none of which
appeared to be 96. 98 appeared to have a marked propensity for decomposing rather than
cyclising. No further efforts towards 96 were performed.
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2.10 Conclusions
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Figure 2.79

Before the research in this chapter was conducted, an upper limit to the strength of
EWGs capable of being incorporated into a functioning imidazolidinone catalyst had not been
envisaged, and it was imagined that performance might scale linearly with EWG strength.
This has now been proven false and the fatal effect of the trifluoromethyl group upon an
imidazolidinone’s catalytic ability has been established by the synthesis and evaluation of 89,
78, 90, and 91 (Figure 2.79). 30, which was previously seen as a desirable target, is still
believed to be synthetically accessible yet now believed to be catalytically inactive.

o 0 Q o. /
v S VLR . B
3 H
NH, H CHCl, 8 Bn H MW, dry CHCN gy N R2
62 79 R=Ph 84 R=Ph (63%) 78 R'=Ph, R?=CF; (34%)
92 R=CH, 93 R=CHj; (100%) 89 R'=CF,, R2=Ph (29%)

91 R'=CHj,, R2=CF; (13%)
90 R'=CF3 R2=CHj (14%)

Scheme 2.80

A novel synthetic route capable of furnishing previously unreported imidazolidinones
in good yields has been developed (Scheme 2.80). Ytterbium(lll) triflate was found to catalyse
the condensation of 62 and 79 in refluxing chloroform providing 84 in up to 63% yield. TFA
was found to catalyse the condensation of 62 and 92 in chloroform at room temperature,
giving quantitative conversion to 93. Both 84 and 93 were found to cyclise in the presence of
copper(ll) triflate under microwave irradiation to provide 78, 89, 91, and 90, in 34%, 29%,
13% and 14% isolated yield, respectively. A search of the literature revealed that, to date,
this work represents the first general purpose route to 2-fluoroalkylated imidazolidinones.
The experience and knowledge gained in imidazolidinone synthesis should allow for access to
a wider range of target structures and permit greater freedom in catalyst design.
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2.11 Further Work

7 91 99 100
Figure 2.81

7 is a functioning, albeit slow, catalyst. It has now been established that 91,
possessing a trifluoromethyl EWG is bereft of catalytic activity in the presence of hydrogen
chloride as a co-acid (Figure 2.81). An obvious line of research would therefore be to
synthesise 99 and 100, adapting existing synthetic procedures as necessary.
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While unlikely to possess catalytic activity, 30 is expected to be a stable compound
and might be attainable via dehydrating of 64 (Scheme 2.82). This would present the first

general synthesis of such a heavily fluorinated imidazolidione and could allow the formation

of differentially substituted 2,2-bis(trifluoromethyl)imidazolidinones, which, being
deactivated mimics of imidazolidinone rings, may have potential in pharmaceutical design.
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Chapter 3: Direct Comparison of Imidazolidinone
and Diarylprolinol Ether Reactivity
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3 Direct Comparison of Imidazolidinone and Diarylprolinol Ether
Reactivity

3.1 Attribution

The experimental work within this chapter was performed largely by Ronan
Pommereuil, an Erasmus project student working under my supervision.

3.2 Introduction
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Ar = 3,5-CF3);,CeHg

7 11 10
Figure 3.1

For catalysing the Diels-Alder reaction, 7 is the preferred imidazolidinone and 11 is
the preferred diarylprolinol ether catalyst (Figure 3.1).”® The goal of the work documented
within this chapter was to perform a fair comparison of 7 and 11 and determine which
architecture holds the most promise for accelerating Diels-Alder reactions. 10 has seen use in
catalysing asymmetric Michael reactions and was included for the sake of comparison."'9

3.3  Catalyst Acquisition

an)J\ ”/ + /U\ 4 r::ll%oPTSA . )< HClg) B )<
NHz refas 20 ; =0 " e
geq. 95% 71%
62 101 7 7-HCI
Scheme 3.2

62 was refluxed in methanol with an excess of acetone and catalytic PTSA for 16
hours to provide 7 in 95% vyield (Scheme 3.2). Treatment of an ethereal solution of 7 with
hydrogen chloride gas yielded 7-HCl (71%).
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H Ph 20 H Ph N Ph
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Scheme 3.3

Catalyst 10 was obtained commercially. Upon treatment of an ethereal solution of 10
with hydrogen chloride gas, a mixture of 10-HCI and 102-HCl was obtained (Scheme 3.3).

OTMS HClg) OTMS OH
Ar Ar + Ar
Etzo

N N N Al
N Ar N Ar N r
HCI -HCI
1" Ar = 3,5(CF3),CeHs 11-HCI 103-HCI
Scheme 3.4

Catalyst 11 was also obtained commercially. Upon treatment of an ethereal solution
of 11 with hydrogen chloride gas, partial deprotection of the silyl ether occurred and a
mixture of 11-HCl and 103-HCl was returned (Scheme 3.4).

3.4 Experiment Design

0 N/
I
)

o] H
| HCI
5 mol% 7-HCI o
s O Zb oy ib/
Ph 19:1 o h
CH40H : H,0,
5 6 23°C,21h 8 0
25eq. 93% ee 93% ee
Scheme 3.5 96%

In his seminal paper on the organocatalysed Diels-Alder reaction, MacMillan showed
7-HCl to be his catalyst of choice.? 7-HCl was shown to catalyse the reaction between 5 and 6
at 23 °C in 19:1 methanol:water to yield 8 (93% ee) and 9 (93% ee) in 99% combined yield in
8 hours (Scheme 3.5).
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Scheme 3.6 86%

As published by Hayashi in 2007, 10 mol% 11 and 20 mol% TFA catalysed the reaction
between 5 and 6 in toluene at room temperature in 20 hours to yield 8 (83% ee) and 9 (95%
ee) in 86% combined isolated yield (Scheme 3.6)."

The differing conditions used by MacMillan and Hayashi prompted the design of a
comparison that would be fair to both architectures. The most comprehensive comparison
would be the use of 7-HCI, 10-HCl and 11-HCl in both 19:1 methanol:water and in toluene, as
well as the use of 7, 10 and 11 in conjunction with 2 equivalents of TFA in 19:1
methanol:water and in toluene. Unfortunately, the failure of 10 and 11 to form
hydrochloride salts without partial loss of the TMS protecting group meant that only 7 could
be used as its hydrochloride salt.
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3.5 Experimental Results
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Figure 3.7
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Figure 3.9
Catalyst Solvent 9 ee 8 ee
7-2TFA 19:1 CH30H:H,0 93 96
7-HCl 19:1 CH30H:H,0 93 93
11-2TFA 19:1 CH30H:H,0 90 95
11-2TFA PhCH;3 91 89
7-2TFA PhCH; 86 89
Figure 3.10

All reactions were run at 25 °C for 6 hours, at 0.5 M 5 concentration, with 2.5
equivalents of 6 and 10 mol% catalyst or catalyst hydrochloride loading (Scheme 3.8). Where
needed, TFA was used at 20 mol% loading. For the reactions performed in 19:1
methanol:water, aliquots were taken at periodic intervals and worked up as per the
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benchmark Diels-Alder procedure (see Chapter 10.2 for full details). For reactions performed
in toluene, the hydrolysis step was omitted and aliquots were subjected directly to a basic
workup then the diethyl ether evaporated and relative aldehyde concentrations determined
by 'H NMR.

3.6 Analysis

The low performance of 10-2TFA in toluene (&) was surprising, especially when
compared to the much higher performance of 11-2TFA in the same solvent system (+). It
appeared that the four trifluoromethyl EWGs had a very pronounced effect on the
performance of the diarylprolinol architecture. Due to the low performance shown by 10 in
this system, no attempts were made to measure product ee’s. 10’s performance in the 19:1
methanol:water system was not investigated.

11-2TFA showed higher performance and also greater enantiocontrol when used in
toluene (+) than when used in 19:1 methanol:water (e). Its turnover in toluene was far higher
than that achieved by 10-2TFA () yet still lower than that achieved by 7-2TFA in toluene (®)
and 19:1 methanol:water (A ) and 7-HCl in 19:1 methanol:water (A).

The poor performance of 7-HCl in toluene (-) was expected, as it showed very little
solubility in this medium. Accordingly, no attempt to determine product ee’s was
undertaken. In 19:1 methanol:water, 7-HCl was readily soluble and demonstrated good
turnover and good enantiocontrol (A).

7-2TFA in 19:1 methanol:water (A) showed higher turnover than 7-HCl in the same
solvent (A), and also exhibited greater enantiocontrol.

7-2TFA in toluene (#) showed the highest turnover of all systems tested, but also
exhibited lower levels of enantiocontrol than any of the other systems for which ee’s were
measured.
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3.7 Conclusions

o. [/ OTMS OTMS
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Figure 3.11

The results indicated that 7 consistently attained higher turnover and greater
enantiocontrol than 11, the favoured prolinol-based catalyst (Figure 3.11). This reinforced
the choice of the imidazolidinone architecture as the main target of investigations carried out
in this project.

Most interestingly, the conditions published by MacMillan for use of 7 were found to be
suboptimal for the Diels-Alder reaction used in our investigations. 7-2TFA in 19:1
methanol:water was seen to exhibit higher turnover and greater enantiocontrol than 7-HCl in
the same solvent system. As no rationale for the effects of co-acid and solvent system has
been devised, it is quite possible that a brute force screening of reaction parameters could
find a still more optimal system for the use of 7 in the reaction between 5 and 6.
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Chapter 4: High-Performance Imidazolidinones
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4 High-Performance Imidazolidinones

4.1 Introduction

/ / /
T Yk
CF N CFa
Bn ” Bn ﬁ 3 Bn N
7 91 90

Figure 4.1

The primary goal of this project was to develop a catalyst for iminium-ion catalysed
reactions that was both fast and selective. Benchmark catalyst 7 displayed high levels of
enantiocontrol and it was thought that by adding EWGs, a turnover increase could be
attained (Figure 4.1). In Chapter 2.7, the synthesis of 91 and 90 was described. 91-HCl and
90-HCl were prepared but were found to be inactive in the benchmark Diels-Alder reaction. It
was believed that the trifluoromethyl EWG rendered 91 and 90 insufficiently nucleophilic to
form iminium ions.

SNENVZ N L/
Dy by
O O
H NO, H NO,
33 104

Figure 4.2
0
| __omotk33HCI Lb P
10 mol% 33-HC!
YD P o A
19:1 X
Ph CH30H:H,0, © Ph
s 6 25°C,3h . 0
3eq. 68% ee 32% ee
Scheme 4.3 78%

Previous work within the group had found 33 to be a powerful catalyst (Figure 4.2).
10 mol% of 33-HCl was found to catalyse the reaction between 5 and 3 equivalents of 6 in
19:1 methanol:water at 25 °C, achieving 78% conversion to 8 (68% ee) and 9 (34% ee) in 3
hours (Scheme 4.3).3° Although this catalyst exhibited poor stereocontrol, the rate of
conversion was significantly higher than that of 7. Synthesis and re-evaluation of 33 and its
diastereomer 104 appeared a suitable starting point for the work within this chapter.
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4.2 EWG Imidazolidinone Synthesis

0 i O NH 2 N R N
Py o T by
\I/U\H + /©) — ™ AP + Bn N)""-©\ + Bn N)©\
NH, o MW, DMF ) H NO, H NO,
62 105 106 0 33 108
Scheme 4.4

Using the method discovered previously within the group, 62, 105 and 12 mol% PTSA
in DMF were subjected to microwave irradiation at 120 °C for 30 minutes (Scheme 4.4). After
a basic aqueous workup to remove PTSA and DMF, 'H NMR showed the crude to contain
mainly 106. 33 and 104 were present in small amounts, but isolation was not attempted.

62, 105 and 12 mol% PTSA in DMF were subjected to microwave irradiation at 120 °C
for 60 minutes. *H NMR of the crude showed that the extended reaction time had increased
conversion to 33 and 104 but the continued presence of 106 rendered purification by column
chromatography troublesome.

62, 105 and 13 mol% PTSA in DMF were subjected to microwave irradiation at 150 °C
for 60 minutes. 'H NMR of the crude showed increased presence of 33 and 104 when
compared to previous experiments. Column chromatography was attempted using 95:4:1
DCM:CH30H:Et3N but streaking was observed and neither 33 nor 104 could be obtained pure
using this eluent system.

|
Q O NH N/ o s
Bn\l/lLN/ )cf 10 mol% PTSA I ji j‘”
—_—— P .
H + Ar B SN" Nar BN ™A 4 Bn N)‘Ar
NH, MW, DMF, N \
120 °C, 120 min
62 105 106 13 104
|
OgNH }_N/ }N/ ;
2M HCl i b -
- ., -
1:1 THF:H,0 Bn” SN S H B0 N At 4+ Bn N Ar Ar .
2
108 33 104
Scheme 4.5

The reaction was repeated when 62, 105 and 10 mol% PTSA in DMF were irradiated
at 120 °C for 120 minutes (Scheme 4.5). The crude showed relatively clean conversion to 33
and 104 with 106 present in small amounts. In an attempt to hydrolyse 106, the crude was
stirred in 1:1 THF:hydrochloric acid (4 M) for an hour. Unfortunately, 106 remained intact.
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Scheme 4.6
Before further attempts towards a one-step synthesis of 33 were undertaken, it was
discovered that stirring 62 and 105 over magnesium sulphate in DCM for 24 hours resulted in
complete conversion to 106 (Scheme 4.6).
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Scheme 4.7

106 and 12 mol% PTSA in DMF were irradiated at 140 °C for 60 minutes (Scheme 4.7).
'H NMR of the crude showed the presence of 33 and 104 as well as traces of side products.
After column chromatography, 33 (50%) and 104 (18%) were obtained.

To investigate the effect of raising the temperature, 106 and 11 mol% PTSA in DMF
were irradiated at 150 °C for 60 minutes. 'H NMR of the crude showed the presence of 33
and 104 as well as small amounts of side products. After column chromatography, 33 (41%)
and 104 (24%) were obtained.

It was suspected that the reaction would proceed more cleanly at a lower
temperature. 4.5 g of 106 and 11 mol% PTSA in DMF were irradiated at 130 °C for 60 minutes.
'H NMR of the crude showed very clean conversion to 33 and 104. Column chromatography
yielded 33 (41%) and 104 (35%) in quantities sufficient for evaluation.
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Scheme 4.8

To determine whether the whole reaction was reversible and hence under
thermodynamic control, 33 was subjected to microwave irradiation at 140 °C for 60 minutes
in DMF in the presence of 11 mol% PTSA (Scheme 4.8). The *H NMR spectra of the crude
showed the presence of 33 and 104 in a 1.2:1 ratio and showed that under these conditions,
the cyclisation step was reversible.

Ko b@

33 33-HCI
Scheme 4.9

Having produced sufficient quantities of 33 and 104, the next step was to form the
hydrochloride salts. A rapidly stirred etheric solution of 33 was treated with hydrogen
chloride gas for 5 minutes before the precipitate was washed with excess diethyl ether and
dried in vacuo to yield 33-HCI (85%) as a yellow solid (Scheme 4.9).

N/
B U
)\©\ &m0 B N)\O\
rt, 5 min H o NO,

104-HCI

85%
Scheme 4.10

An etheric solution of 104 was treated with hydrogen chloride gas for 5 minutes and
the product isolated in the same manner as used for 33-HCI. 104-HC| was obtained as a white
solid (85%) (Scheme 4.10).
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4.3  Quantifying the Background Reaction

N/ SNV Q N/
IN CHO(aq, NaBH;CN IN HClg) I )(
Bn N)< 1,67 h Bn N)< Et,0 RT NN
H HCI | | -HCI
7 107 107-HCI
81%
Scheme 4.11

While it was assumed that Diels-Alder reactions catalysed by imidazolidinone
hydrochlorides proceed exclusively vig iminium ions, this had never been conclusively shown
and no efforts had been undertaken to quantify the background reaction. To remedy this
omission, synthetic efforts were made towards 107, a structural analogue of 7 incapable of
forming iminium ions yet still capable of effecting acid catalysis and forming aminols. 7-HCI
was stirred with sodium cyanoborohydride in 37% aqueous formaldehyde for 67 hours at
room temperature. After basic workup and extraction with diethyl ether, 107 was obtained.
107 was found to rapidly turn pink when exposed to the air, necessitating immediate
conversion to the more stable 107-HCI (81% overali) via the usual method (Scheme 4.11).

0
| Lb i
| + @ 5 mol% 107-HCl 5 \ph + ; 7
Ph ~

19:1

o
CH30H:H,0, Ph
°C,6h
5 6 25 8 9
25eq. 4%
Scheme 4.12

S mol% of 107-HCl was used in the benchmark Diels-Alder reaction between 5 and 6
in 19:1 methanol:water at 25 °C. After 6 hours, an aliquot was taken and the standard
procedure used to determine that the combined conversion to 7 and 8 was 4% (Scheme
4.12).
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4.4 Catalytic Performance
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5 and 2.5 equivalents of 6 in 19:1 methanol:water were stirred with 5 mol% of 7-HCl,
33-HCl, or 104-HCl for 6 hours at 25 °C (Scheme 4.13). Periodic aliquots were taken, worked
up according to the benchmark procedure, and conversion determined by 'H NMR (Figure
4.14). After the 4 hours had elapsed, 8 and 9 were isolated as per the benchmark procedure.

8 and 9 were converted to their 2,4-DNPH adducts, which were subjected to HPLC to
determine their enantiopurities (Figure 4.15).
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4.6  Methyl Analogue Synthesis

i‘)\@ ,b,@ — \* @*

NH,

110 1
Scheme 4.17

If the rationale for the poor stereocontrol exhibited by 33 and 104 was accurate, the
obvious solution to enhancing the enantiocontrol of these catalysts would be to increase
steric bulk around the 2-position. This line of thinking gave rise to target structures 110 and
111, analogues of 33 and 104 that should be obtainable via an analogous synthesis
employing 112 (Scheme 4.17).

0 |
Os NH
Yu\ M9304 i
— e
NH; ON DCM, Bn” "N
n,24h
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Scheme 4.18

Using the same methodology as developed to synthesise 106, 62 and 112 were stirred
over magnesium sulphate in DCM (Scheme 4.18). After 24 hours at room temperature,
analysis by *H NMR showed only the presence of starting materials.
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Scheme 4.19

The use of 3A molecular sieves in DCM had also been observed to catalyse formation
of 106. 62 and 112 were stirred over 3A molecular sieves in DCM for 169 hours at room
temperature (Scheme 4.19). 'H NMR showed only the presence of starting materials.

Bn 10 motk MOTD Oj: NH
NHz T oM BN
i, 21h

13 NO:

Scheme 4.20

In Chapter 2.5, the utility of Lewis acids in catalysing imine formation was discovered.
It was thought that Lewis acids may also assist in formation of 113. To this end, four reactions
were performed using the Lewis acids gallium(lll) triflate 86, ytterbium(ill) triflate, indium(lli)

63



triflate and yttrium(ili) triflate. In each case, 62, 112 and 10 mol% metal(lll) triflate were
stirred over 3A molecular sieves in DCM for 21 hours, after which an aqueous workup was
performed and reaction progress observed by 'H NMR. In all cases, it was found that only
traces of 113 had been formed (Scheme 4.20).
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Scheme 4.21

Noting the low solubility of the metal complexes in DCM, 62, 112 and 10 mol%
metal(lll) triflate were stirred over 3A molecular sieves in acetonitrile for 22 hours (Scheme
4.21). Aqueous workups were performed and conversion determined by ‘*H NMR. The results
indicated that gallium(lll) triflate 86 was the most suitable catalyst for 113 formation but that

its conversion under these conditions was not high enough to render isolation of 113 an
attractive option.

on A /@/‘k s momersa j/\@ + &f)‘@’
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62 110 11

11% 12%
Scheme 4.22

As formation of 113 appeared difficult, a one-step synthesis of 110 and 111 was
attempted. 62, 112 and 23 mol% PTSA in DMF were subjected to microwave irradiation at
140 °C for 180 minutes (Scheme 4.22). After column chromatography, 110 (11%) and 111
(12%) were isolated and converted to 110-HCl and 111-HCl by the usual method.
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Figure 4.24

To gain further insight into this transformation, 62, 112 and 10 mol% PTSA in DMF
were subjected to microwave irradiation at 130 °C for 240 minutes (Scheme 4.23). Aliquots
were taken every 60 minutes, extracted with diethyl ether and washed with water to remove
the ytterbium(lll) triflate. '"H NMR was then used to assay the relative proportion of each of
the four analytes 110-113 (Figure 4.24). 62 was not observed, due to it being lost in the
aqueous factions.

Results showed that the reaction appeared to be under thermodynamic control,
reaching equilibrium after approximately 2 hours. As large amounts of 112 were present at
equilibrium, it was surmised that the equilibrium could be driven towards the right by
employing a desiccant such as molecular sieves. Unfortunately, molecular sieves were found
to be incompatible with the microwave reactors used in this project and no investigation of
alternative desiccants was performed.
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4,7 Acetophenone Analogue Performance
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Figure 4.27

5 and 2.5 equivalents of 6 in 19:1 methanol:water were stirred with 5 mol% of the
catalyst hydrochloride for 4 hours at 25 °C (Scheme 4.25). Periodic aliquots were taken,
worked up as per the benchmark procedure, and conversion determined by *H NMR (Figure
4.26). After the 4 hours had elapsed, 8 and 9 were isolated as per the benchmark procedure
and converted to their 2,4-DNPH adducts for ee determination by HPLC (Figure 4.27).
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4.8 Acetophenone Analogue Analysis

Previously, it was proposed that 33 and 104 exhibited poor enantiocontrol due to
their lack of selectivity in forming iminium ions and that increasing steric bulk around the 2-
position would lead to improved stereocontrol. This hypothesis appeared to be validated, as
110 and 111 were seen to exhibit far greater enantiocontrol than 33 and 104.

Pleasingly, while 110 and 111 showed lower performance than 33 and 104, they still
retained a large performance advantage over 7.

Particularly noteworthy was 110's concurrent exhibition of high performance and
good enantiocontrol, a previously unseen combination. It was evident that if the
enantiocontrol could be improved, 110 would show comprehensively better catalytic
performance than 7 in the benchmark Diels-Alder reaction, completing one of the stated
goals of this project.

4.9  Non-EWG Imidazolidinone Synthesis
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Figure 4.28

During the course of this work, only one non-EWG catalyst, 7, had been evaluated
(Figure 4.28). It was decided that 114 and 115 should be synthesised and evaluated, to
ascertain the effect of small structural changes on the turnover and stereoselectivity of the
Diels-Alder reaction. 2 has been reported by MacMillan for use in conjugate additions and
the performance of this catalyst in the benchmark Diels-Alder reaction was also deemed
worthy of investigation.
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Scheme 4.29

62, 116 and 6 mol% PTSA were refluxed in IPA for 18 hours and column
chromatography used to provide 114 (48%) (Scheme 4.29). The usual procedure for forming
hydrochloride salts yielded 114-HCl (41% overall).
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62, 117 and 14 mol% PTSA were stirred in IPA at 75 °C for 18 hours (Scheme 4.30).
The recovered material consisted largely of 62, with 117 presumed to have evaporated. This
indicated that more energy would be required to form 115.
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Scheme 4.31
62, 117 and 24 mol% PTSA in DMF were subjected to microwave irradiation at 140 °C
for 50 minutes (Scheme 4.31). Aqueous workup and column chromatography yielded 115
(40%). The standard method for forming hydrochloride salts yielded 115-HCl (76%, 30%
overall).
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Scheme 4.32

Using conditions developed in Chapter 5.11, 62 and 118 were refluxed with 1 mol%
ytterbium(lll) triflate in chloroform for 8 hours (Scheme 4.32). Column chromatography
yielded 2 (22%, >99% ee), which was converted to 2-HCl by the usual method.
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4,10 Non-EWG Evaluation
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5 and 2.5 equivalents of 6 in 19:1 methanol:water were stirred with 5 mol% of the
catalyst hydrochloride for 6 hours at 25 °C (Scheme 4.33). Periodic aliquots were taken,
worked up as per the benchmark procedure, and conversion determined by 'H NMR (Figure
4.34). After the 4 hours had elapsed, 8 and 9 were isolated as per the benchmark procedure
and converted to their 2,4-DNPH adducts for ee determination by HPLC (Figure 4.35).

69



4.11 Non-EWG Analysis

114 and 115 exhibited good stereocontrol, attaining ee’s very close to those of 7 but
with exo ee’s substantially less than that of 7. 2 exhibited very poor stereocontrol. While the
reasons for its poor stereocontrol are not understood, the large discrepancy between endo
and exo ee’s indicates that if E/Z selectivity is lacking, it is only part of the problem.

2, 7 and 115 showed similar levels of turnover. 114 showed very low turnover, less
than half that of 7. This result was very surprising, considering the structural similarity of 114
to 7 and 115 and its almost identical enantiocontrol to 115.

These results showed an apparent performance ceiling for catalysts lacking EWGs.
They also showed that subtle changes to a catalyst’s structure can have dramatic and
unforeseen effects on its performance.

4.12 Changing the EWG - Synthesis

Q

/ o]
jN , o A o
=R
Bn n '/Rz - NHZ H + R1JI\R2
62
110 119 121 123 125
R? CHs CH; CH; CH; CHs
Rz p-N02C5H4 p-CH30C5H4 C5H5 p-CIC5H4 p-(NC)C5H4
111 120 122 124 126
R? p-NO,CeHa | p-CH3OCgH, CeHs p-CiCeHs | p-(NC)CeHa
R? CH; CH; CH; CHs CHs;
Scheme 4.36

At this stage of the project, a catalyst 110 had been discovered that exhibited high
performance in the benchmark reaction as well as good levels of stereocontrol. Lacking a
clear understanding of how to produce more selective catalysts that retained the high
performance of 110, it was decided to synthesise a range of analogues based on differentially
para-substituted acetophenones (Scheme 4.36). This would allow for a more detailed
investigation of the effect of EWGs on catalyst turnover and perhaps also the discovery of a
high performance catalyst with higher levels of enantiocontrol than benchmark catalyst 7.
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62, 127 and 12 mol% PTSA were stirred in DCM over 3A molecular sieves for 26 hours
at room temperature (Scheme 4.37). This reaction produced only traces of 128 and it was
decided that 119-126 should be obtained by direct reaction of 62 and the relevant
acetophenone.

[e] / o] /
B“ _19moi%PTSA IN @ I ﬁ»@
Bn H)\ + oen ” “,

H MW DMF,
N 2 140 °C, 60 min

121 122
Scheme 4.38

62, 127 and 19 mol% PTSA in DMF were irradiated at 140 °C for 60 minutes (Scheme
4.38). 'H NMR showed a large number of unassignable peaks, indicating decomposition to
have occurred.

o (o]
Bn 8 mMoi% PTSA,
N~ __ 3AMs
NH H + IPA
2 reflux, 88 h
62 127 121 122
23% 30%
Scheme 4.39

Thermal conditions were then investigated. IPA appeared an obvious choice of
solvent, due to its high boiling point, hydrogen bonding ability and reluctance to form acetals
with ketones. In a successful synthesis, 62, 127 and 6 mol% PTSA were refluxed in IPA over
3A molecular sieves for 88 hours (Scheme 4.39). Basic workup and column chromatography
yielded 121 (23%) and 122 (30%). Submitting 121 and 122 to the standard procedure for
forming hydrochloride salts yielded 121-HCI (89%) and 122-HCI (82%).
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Ar = p-(CH30)CgH,

Scheme 4.40

62, 129 and 5 mol% PTSA were refluxed in IPA over 3A molecular sieves for 66 hours
(Scheme 4.40). *H NMR of the crude showed 119, 120 and 130 to be present in a 14:7:1 ratio
and an overall 87% yield. Column chromatography was not performed.

RNV
Bn 5 motk PTSA j @,ocw3 i’N)’@/ocm
B —— )\ + BN,
HCO H

NHz toluene,
reflux, 39 h

62 119 120
Scheme 4.41

It appeared that refluxing IPA provided insufficient thermal energy to completely
cyclise 130. 62, 129 and 5 mol% PTSA were refluxed in toluene over 3A molecular sieves for
39 hours (Scheme 4.41). The 'H NMR spectra of the crude appeared to show higher
conversion to 119 and 120 than observed in the previous reaction. Column chromatography
was performed and yielded 119 (19%) and 120 (51%). The usual procedure for forming
hydrochloride salts was followed, yielding 119-HCI (66%) and 120-HC| (80%).

SN SN
Bn 10 moi% PTSA, N cl N cl
3AMS )\‘ + .
Bn! N Bn! N
H H

reﬂux 66h

123 124
Scheme 4.42

62, 131 and 10 mol% PTSA were refluxed in IPA over 3A molecular sieves for 66 hours
(Scheme 4.42). 'H NMR of the crude showed 123 and 124 to be present. Column
chromatography was not performed.
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Scheme 4.43

Three reactions were performed whereupon 62, 131 and 20 mol% PTSA in DMF were
subjected to microwave irradiation for 60 minutes, with reaction temperatures of 120 °C, 130
°C and 140 °C (Scheme 4.43). Total conversion of 131 to 123 and 124 was assayed by 'H NMR
of the crude after aqueous workup to remove the catalytic acid and DMF. 62 was known to
be partially water soluble and would be lost during aqueous workup. When the reaction was
performed at 130 °C and 140 °C, 123 and 124 were present in a 1:1.0 ratio.

4.13 Thermal Syntheses

At this point, before further work could be carried out, both the microwave reactors
used so far in this project became unavailable and alternative facilities could not be sourced.
The synthesis of 119-126 was a pressing concern and further investigation of thermal
conditions was necessitated.

Whereas 121 and 122 would form readily in refluxing IPA (Scheme 4.45), the other
imidazolidinones appeared to require more forcing conditions. 110 and 111 appeared to be
the hardest to form and their synthesis was used as a worst case scenario in developing a
universal thermal synthesis that may also be used to prepare 119-126.

Efforts were centered around the potent and commercially available Lewis acid,
ytterbium(lll) triflate, as it appeared to more effective than PTSA for imidazolidinone
formation.

0 (o}
an)J\ﬂ/ + /©)J\ __6mol% Yb(OTh; _ i )\@\
N2 ON refcl:;cgs h
62 12
Scheme 4.44

62, 112 and 6 mol% ytterbium(lll) triflate were refluxed in chloroform for 65 hours
(Scheme 4.44). After aqueous workup to remove the catalyst, '"H NMR showed partial
conversion of 112 to 113 but not 110 or 111.
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Scheme 4.45

62, 112 and 6 mol% ytterbium(lll) triflate were refluxed in acetonitrile for 16 hours
(Scheme 4.45). *H NMR showed partial conversion of 112 to 113 but not 110 or 111.

Bn @)\ 5 mol% Yb(OTf)a I )\O r\b )”O/

NH2

reﬂux 16h
62 110 111
Yb(OTf)3 (mol%) Solvent Conditions 110 (%) 111 (%)
5 IPA reflux, 16 h - -
12 PhCH3 reflux, 22 h, N;, 3A MS 28 26
8 PhCH; reflux, 40 h, N;, 3A MS 35 35
Scheme 4.46

62, 112 and 5 mol% ytterbium(lll) triflate were refluxed in IPA for 16 hours (Scheme
4.46). 'H NMR showed 110 and 111, but in quantities too low to be useful.

62, 112 and 12 mol% ytterbium(lil) triflate were refluxed in toluene for 22 hours over
3A molecular sieves and under nitrogen. '"H NMR of the crude showed good conversion.
Column chromatography then provided 110 (28%) and 111 (26%).

The reaction was scaled up as 62 (2.5 g) and 112 (2.2 g) were refluxed with 8 mol%
ytterbium(Ill) triflate over 3A molecular sieves and under nitrogen in toluene for 40 hours.
Column chromatography provided 110 (36%) and 111 (35%).
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Scheme 4.48

It was anticipated that 123 and 124 may present difficulties, due the potential for 62
and 131 to undergo a SyAr reaction, yielding 132 (Scheme 4.47). 62, 131 and 8 mol%
ytterbium(Ill) triflate were refluxed in toluene for 65 hours over 3A molecular sieves and
under nitrogen (Scheme 4.48). Column chromatography then provided 123 (36%) and 124
(36%).

N/ N
Bn 9 mol% Yb(OTf);., IN ®/00H3 jg“@/ocm
1
+ _
Bn N)\ Bn™ S\,
H3C0 H H

NH2 N2 toluene,
reflux, 65 h

62 119 120

29% 39%
Scheme 4.49

62, 129 and 8 mol% ytterbium(lll} triflate were refluxed in toluene for 65 hours over
3A molecular sieves and under nitrogen (Scheme 4.49). Column chromatography then
provided 119 (29%) and 120 (39%).

5 Q W Q %
o w50 s L0
©)k NN F ey

NH2 Nz toluene,
reflux, 40 h

121 122
33% 28%
Scheme 4.50

62, 127 and 8 mol% ytterbium(lll) triflate were refluxed in toluene for 40 hours over
3A molecular sieves and under nitrogen (Scheme 4.50). Column chromatography then
provided 121 (33%) and 122 (28%).
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Scheme 4.51

62, 133 and 3 mol% ytterbium(lll) triflate were refluxed in toluene for 18 hours
(Scheme 4.51). Column chromatography provided 125 and 126, which were converted to
125-HCI (21% overall) and 126-HCl (19% overall) by the usual method.
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4,14 Performance Evaluation
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Figure 4.53
111 126 124 122 120 7
Rl p-N02C5H4 p-(CN)C5H4 p-CIC5H4 CeHs p-CH30C6H4 CHs;
R? CHs CHs CH; CH; CHs3 CHs
8 ee 94 52 59 65 68 93
9 ee 78 42 50 61 53 93
8:9 1:1.53 1:1.57 1:1.67 1:1.84 1.78:1 1:1.32

Figure 4.54
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Figure 4.56

5 and 2.5 equivalents of 6 in 19:1 methanol:water were stirred with 5 mol% of the
catalyst hydrochloride salts for 6 hours at 25 °C (Scheme 4.52). Periodic aliquots were taken,
worked up as per the benchmark procedure, and conversion and 8:9 determined by *H NMR.
After the 4 hours had elapsed, 8 and 9 were isolated as per the benchmark procedure and
converted to their 2,4-DNPH adducts for ee determination by HPLC.

4.15 Performance Analysis

The turnover order amongst the (2S,55) catalysts was 111 = 126 = 124 > 122 > 120,
showing a correlation between stronger EWGs and higher performance within this data set
(Figure 4.53).

Turnover amongst the (2R,5S) catalysts was harder to judge, as all reactions had
almost attained completion after 2 hours (Figure 4.55). The performance order was 123 =
125 > 110 = 121 > 119, suggesting that in this case EWGs were beneficial up to a point,
beyond which performance again decreased.

78



The superior enantiocontrol of the (2R,5S) catalysts over the (25,5S) catalysts was
pronounced (Figure 4.54, Figure 4.56). While 111 was an exception, 120, 122, 124 and 126
attained poor product ee’s.

8:9 was seen to be relatively consistent across both series and did not vary
substantially during the course of each reaction. While the limited data in MacMillan’s
seminal paper suggests that endo:exo ratios may be highly substrate dependant, it is pleasing
to note that 121 generated a slight predominance of 8, in which it imparted greater
enantiocontrol (96%).

Ultimately, while 8 more catalysts, 119-126 had been synthesised and evaluated, 110
remained the catalyst of choice due to its high performance and good enantiocontrol.

4.16 Catalyst Enantiopurity

The inability of any of the catalysts discovered thus far to attain the desired level of
enantiocontrol forced further consideration of the situation. It was noted that no assessment
of the enantiopurity of the catalysts themselves had been performed and that in light of the
harsh conditions required for their formation, epimerization of the stereocenter a- to the
amidic carbonyl was a very real possibility.

0 0o SNV
8 mol% PTSA, N NO,
Bn N 3AMS i' O/
NHp + No. tol By
, toluene,

2 ON réﬂux, 64 h H

62 112 110

32%

Scheme 4.57

Racemic 62, 112 and 9 mol% PTSA were refluxed in toluene over 3A molecular sieves
and under nitrogen for 64 hours (Scheme 4.57). Column chromatography provided racemic
110 (32%). The other diastereomer was not isolated. Racemic 110 was found to separate on
a Chiralcel OJ column using a 9:1 hexanes:IPA mobile phase at a flow rate of 1.5 mL min (t =
52.0 min, 61.9 min).
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stereochemistry of 110-HCl (Figure 4.60). '"H NMR showed the crystals to be chemically
identical to a fresh sample of 110-HCI. X-ray crystallography was also used to confirm the
structures of 121-HCl and 119-HCIl, both of which were found to crystallise readily upon
evaporation of DCM:hexanes solutions.

4.18 Amino Amide Recrystallisation

(e}
Bn\HJ\N/ o} 0 \(LL -
+ >l K
L, " A oo
62

(0]

49 75
Scheme 4.61

Having failed to directly boost the enantiopurity of 110-HCl, investigations were
turned towards reducing epimerisation during its synthesis. Accordingly, the first step was
deemed to be the investigation of the optical purity of 62. Separation of 62 on the HPLC
could not be achieved. As such, racemic 62 and 49 were stirred in DCM for 22 hours and an
aliquot of the solution containing racemic 75 subjected to HPLC (Scheme 4.61). It was found
to separate on the Chiralcel OJ column using a 39:1 hexanes:IPA mobile phase at a flow rate
of 1.5 mL min (t = 7.1 min, 11.8 min}. Subjecting previously synthesised batches of 62 to this
protocol showed them to have ee’s of 98-99%.

o] o]
B"\‘/U\O/\ 5 eq. CH3NH, \HL - recryst nﬁ)J\N/
T EoH, H

EtOAc

‘HCI
NH, 1, 140h hexanes NH,
61 62 62
52%, >99% ee
Scheme 4.62 b >99%

It was found that 62 could be recrystallised from ethyl acetate:hexanes. In a
representative synthesis, 61 was stirred in 5 equivalents of 33% ethanolic methylamine for
140 hours at room temperature (Scheme 4.62). Evaporation and basic workup yielded 62
which was recrystallised from ethyl acetate:hexanes to provide optically pure 62 (52%).
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4,19 Minimising Epimerisation

fo) o]
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Scheme 4.63

As attempts to recrystallise 110-HCl had failed, work was undertaken towards
minimising epimerisation during synthesis of 110. 62, 112, and 6 mol% ytterbium(lll) triflate
were refluxed in toluene for 16 hours (Scheme 4.63). Column chromatography provided 110
(23%, 92% ee).
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N NO.
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110

22%, 89% ee
Scheme 4.64

62, 112, and 6 mol% ytterbium(lll) triflate in DMF were irradiated at 130 °C for 60
minutes (Scheme 4.64). Column chromatography provided 110 (22%, 89% ee).
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Scheme 4.65

Curious as to the stage of the reaction at which epimerisation was taking place,
optically pure 62 was refluxed with 5 mol% ytterbium(lll) triflate in toluene for 16 hours
(Scheme 4.65). After aqueous workup to remove the catalyst, the returned 62 was found to
have an ee of 28%.
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B"\(U\H/ 5 mol% Yb(OTf)s B"W)J\”/
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80°C,15h
62 62
92% ee
Scheme 4.66

Optically pure 62 was stirred with 5 mol% ytterbium(lll) triflate in toluene at 80 °C for
15 hours (Scheme 4.66). After aqueous workup to remove the catalyst, the returned 62 was
found to have an ee of 92%. This showed that while lowering the temperature may help, the
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use of ytterbium(Ill) triflate in imidazolidinone syntheses may always be expected to induce
some degree of epimerisation.

o} (o} [0} N/
NO
Bnﬁ)j\N/ 65 mol% PTSA j)V@/ 2
H + Bn' N
O.N H
112

NH, MW, DMF,
140 °C, 60 min

110
6%, >99% ee

62

Scheme 4.67

To determine whether the use of PTSA may result in less epimerisation, 62, 112, and
65 mol% PTSA in DMF was irradiated at 140 °C for 60 minutes (Scheme 4.67). Column
chromatography provided 110 (6%, >99% ee).

0 ) SN
N NO.
Bnﬁ/u\N/ MsOH j .@/ 2
H + Bn N
O,N H
2 112

NH, MW, DMF

6 110

MsOH Temp Time 110yield | 110ee

mol % °C min % %
100 130 60 10 96
94 140 60 10 88
22 140 60 13 >99
22 150 25 19 >99
22 160 10 11 >99
36 160 10 - >99
22 150 60 11 >99

Scheme 4.68

Switching to the more easily measured methanesulfonic acid, the effect of catalyst
loading, time, and temperature upon the reaction of 62 and 112 in DMF under microwave
irradiation was studied (Scheme 4.68). It was found that at moderate catalyst loadings, the
reaction may proceed with very little epimerisation. The final set of conditions in Scheme
4.76 was used to synthesise 0.72 g of 110 in 11% isolated yield, which was converted to 0.64
g 110-HCl (9% overall), a sufficient quantity for further investigations. '
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Scheme 4.69

The effect of catalyst loading, time, and temperature upon the reaction of 62 and 131
in DMF under microwave irradiation was studied (Scheme 4.69). Under the conditions tested,
it was not possible to obtain 123 with >99% ee. These results indicated that epimerisation
may be strongly substrate-dependant and that differing levels of enantiocontrol in the
benchmark Diels-Alder reaction amongst differentially-substituted 2-arylimidazolidinones
may be in part due to differences in catalyst enantiopurity.
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4.20 Improved Enantiocontrol
N
N NO,
Bslus
CT "
Jl) + Q 110-HCI 7 \ph + ﬁb/?
Ph
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CH3109I-:1?H20 o Ph
8 9
2.5eq.
Loading Temp Time 8 ee 9 ee
mol % °C hours % %
5 25 2 97 87
5 20 2 97 88
1 room 16 95 88

Scheme 4.70

Using 110-HCI of >99% ee, the benchmark reaction was re-run according to the
conditions in Scheme 4.70. When the reaction was run for 2 hours at 25 °C using 5 mol%
110-HCl, 8 ee was substantially improved over the previous result of 92%. 9 ee was identical
to the previous result of 87%. Lowering the reaction temperature by S °C did little to improve
results, only raising 9 ee by 1%. Using 1 mol% 110-HCl and letting the reaction run overnight
at room temperature resulted in a lower 8 ee but did not affect 9 ee.
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Scheme 4.71

Up until this point, it had been assumed that for imidazolidinone catalysts
disubstituted at the 2-position, 134.E formed exclusively and that the reaction occurring
through 134.Z was negligible.

An experiment was devised to assay the thermodynamic ratio 134.E:134.Z present
under benchmark reaction conditions in the absence of a diene. Solutions of the catalyst
hydrochloride salt (0.1 M} and cinnamaldehyde (5 equivalents, 0.5 M) in 19:1 deuterated
methanol:deuterium oxide were allowed to stand at room temperature until equilibrium was
reached, at which point the ratio 134.E:134.Z was determined by *H NMR (Scheme 4.71).

As expected, 33 had a low 134.E:134.Z ratio, explaining the low stereocontrol shown
in the benchmark reaction and validating the rationale that drove investigation of the
acetophenone-based catalysts.

Despite the good enantiocontrol demonstrated by some of the 2,2-disubstituted
catalysts in the benchmark reaction, none of these catalysts had 134.£:134.Z ratios
approaching that of benchmark catalyst 7.
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Using the same formula as to calculate an ee from the ratio of two enantiomers, an
“isomeric excess” was calculated from the 8:9 ratio of each catalyst. When experimentally-
attained 8 and 9 ee’s were plotted against the catalysts’ isomeric excesses, a strong trend
emerged (Figure 4.72, Figure 4.73). These correlations vindicated the choice of
thermodynamic iminium ion distribution as a catalyst characterization tool.

4.22 Solvent Screening

In efforts to improve the enantiocontrol of flagship catalyst 110 in the benchmark
Diels-Alder reaction, catalyst enantiopurity had been improved and the effect of temperature
upon the reaction had been investigated. The discovery that the thermodynamic 8:9 ratio
may be rapidly determined with some degree of accuracy suggested that solvent systems
could be screened to determine whether a more suitable solvent system for the use of
110-HCl in the Diels-Alder reaction may exist.
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Scheme 4.74

110-HCl and 5 equivalents of 5 were dissolved in a solvent system and left to stand at
room temperature until equilibrium was reached, at which point the relative concentrations
of 135.E and 135.Z were determined by 'H NMR (Scheme 4.74). Due to solubility issues in
most solvent systems, aliquots of more polar solvents had to be added until a homogenous
monophase was attained, at which point the mixture was allowed to reach equilibrium and
the 135.E:135.Z ratio determined. The effect of dilution upon the 135.E:135.Z ratio is
unknown.

A regular feature of all spectra was the gradual conversion of the doublets
corresponding to the aldehyde and iminium protons into singlets of approximately the same
chemical shift. This process occurred over the period of a few days and indicated slow
deuteration was occurring at the a-position of 5, 135.E or 135.Z, possibly via the B-
hydroxyenamine or R-alkoxyenamine.

The deuterated acetonitrile:deuterium oxide solvent system had the highest
135.E:135.Z ratio, showing greater 135.E selectivity than both deuterated
methanol:deuterium oxide systems.

It was of note that 135.E:135.Z ratios varied markedly across solvent systems. This
indicated that the deuterated methanol:deuterium oxide solvent systems were proficient in
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stabilising 135.E, whereas the deuterated acetone:deuterium oxide and deuterated
DMSO:deuterium oxide solvent systems were not.
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Figure 4.77

=Acetonitrile:water
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The benchmark Diels-Alder reaction was then performed using 5 mol% 110-HCl at 25
°C in @ 9:1 acetonitrile:water system (Scheme 4.75). It was found that although the 9:1
acetonitrile:water system allowed for a slightly higher reaction rate than the 19:1
methanol:water system, it exhibited poorer enantiocontrol (Figure 4.76, Figure 4.77).
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4.23 Reaction Dilution
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Scheme 4.78

A final attempt at attaining improved enantiocontrol from the flagship catalyst
110-HCl was made when the benchmark reaction was diluted by a factor of 5, being
performed at 0.1 M with respect to 5, rather than the usual 0.5 M {Scheme 4.78). It was
envisaged that by diluting the reaction mixture, the effect of the 5, 6, 8 and 9 upon the bulk
solvent properties would be reduced, perhaps allowing for better iminium ion selectivity and
greater enantiocontrol.

This proved not to be the case, as the ee’s obtained from this reaction exactly
matched the ee’s obtained from the reaction performed at higher concentration.

4.24 Conclusions

During the course of the research documented within this chapter, 11 new 2-aryl
imidazolidinone catalysts were synthesised and evaluated. All of these catalysts
demonstrated higher turnovers than the benchmark catalyst 7.

(o} o] o} /
N NO
Bn\)l\N/ + 22 mol% MsOH r ..m@/ 2
H Bn N
ON H
2 112

NH, MW, DMF,
150 °C, 60 min

6 110

11%, >99% ee
Scheme 4.79

The use of protic acids and Lewis acids in the formation of imidazolidinones under
thermal and microwave conditions was further investigated. This knowledge was utilised to
synthesise 110 in >99% ee (Scheme 4.79).

90



NO
AL
(¢} Bn N
I o E o
| + Q 5 mol% 110-HCl Z PR 7 7
Ph

19:1 X0 bh
CH30H:H,0,
5 6 25°C R 0
25eq. 97% ee 87% ee
Scheme 4.80

110 exhibited promise for use in asymmetric synthesis but could not be coerced into
demonstrating comprehensively better enantiocontrol than benchmark catalyst 7 in the
Diels-Alder reaction between 5 and 6 (Scheme 4.80). 110 may nonetheless have the potential
to achieve higher levels of enantiocontrol when used with different substrates and is
noteworthy among imidazolidinone catalysts for being able to attain high turnover as well as
good enantioselectivity.

CD;0D:D,0 \ Cl
Ph Ph
1342 5 134E

5eq.

N
o o / R
-R? | O N &/ e
Bn R —_— + I ><.R2 —_— B N\
\ c® 19:1 on | B N R? 19:1 °
CD;0D:!
\ 0000 HCI

Scheme 4.81

The use of *H NMR to observe the distribution of catalyst hydrochloride and iminium
ions in deuterated solvent systems was found to be a useful tool by which to characterise
catalysts (Scheme 4.81). This technique strongly suggested that the imperfect enantiocontrol
of the catalysts developed within this chapter could be attributed to a lack of geometric
selectivity when forming iminium ions.

Finally, two design premises were firmly established. Future imidazolidinone catalysts
must:

- Possess an EWG to enhance turnover
- Exhibit very high levels of iminium ion selectivity
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Chapter 5: Synthesis of Literature
Imidazolidinones
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5  Synthesis of Literature Imidazolidinones
5.1 Introduction

Although the overarching goal of this project was the development of novel high
performance, selective catalysts for iminium ion catalysed reactions, the majority of project
time had, at this point, been spent discovering and developing methodology for the synthesis
of imidazolidinones.

Although many imidazolidinone catalysts have been described and their use widely
reported, the literature was lacking in information regarding their preparation. Procedures
were found to be absent from the primary literature, technically challenging, or of dubious
efficacy (vide infra).

Adapting synthetic methodology already developed within this project to produce a
range of prominent imidazolidinone catalysts was seen to be a much needed contribution to
the field.

5.2  Target Selection

o) ) o) H
f% (- f% { ri‘ { @NJQ}”/
%
N N)\é N
pn H pnH Ph H)ﬁ ”)\é
7 2 136 137

B [0} 0
Nn O / N/ N/
AL G
H
138 139 140
Figure 5.1

Seven target imidazolidinones 7, 2, 136-140 were identified, each of which were first
described by MacMillan and co-workers (Figure 5.1). 7 is used for cycloaddition and closed
transition state conjugate addition reactions of a,-unsaturated aldehydes as well as a
number of enamine-catalysed processes.>*>*° 2 is effective at catalysing conjugate addition,
enamine and SOMO reactions and has seen use in iminium/enamine cascade reactions.>%?
136 can facilitate iminium ion catalysed reactions of selected a,R-unsaturated ketones.® 137
and 138 provide similar reactivity profiles to 2 but can provide higher enantiocontrol in some
reactions.®*® 139 and 140 have recently been shown to be suitable for asymmetric catalysis
of SOMO reactions.***>%

93



0 Q N/
0 PTSA j
Bn P A
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62 101 7
Scheme 5.2
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Bn o+ IK’< FeCly, 4A MS l’”
H THF n )\é
NH; t, 36 h N
62 118
23%
Scheme 5.3
SNV
\‘/U\ -y SM(OTNg, 4A MS IN
2
N THF, Bn™ Ny /
2 i, 29h H o]
62 136
46%
Scheme 5.4

Literature methods for the preparation of 7, 2, 136 are shown in Scheme 5.4. Catalyst
7 is made by refluxing 62 in 1:4 acetone:methanol in the presence of PTSA. Catalyst 2 is
described as being obtained from an iron(lil) chloride-catalysed reaction between 62 and
118, although work within our group had showed that modification of this procedure by pre-
forming the imine by stirring 62 and 118 over magnesium sulphate was required for the
cyclisation to be effective. When this step was omitted, formation of a brown precipitate,
presumed to be iron(lll) oxide, was visible and the reaction failed. It was therefore assumed
that water from the initial condensation was deactivating the iron(lll) chloride catalyst. The
literature procedure for 136 appeared troublesome, requiring freshly distilled 141, and a
glove box in which to work with the air-sensitive samarium(ill) triflate. Before this work was
performed, an exhaustive search of the primary literature failed to uncover procedures for
the preparation of 137-140. Since the completion of this work, a preparation of 139 was
published by the MacMillan group.®®

The goal of the work described within this chapter was therefore to develop
methodology that was robust, reliable, easy to perform, and capable of providing 7, 2, and
136-140 in good yield and high enantiopurity.
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5.3 Precursor Preparation

o} 0 (o]
B"\HJ\O/\ 5 eq. CHyNH; Bn\‘)J\N/ recryst. Bn\‘/U\N/
H H
. EtOH, EtOAc,
NH;  HCI n,96h NH, hexanes NH;
61 62 62

52%, >99% ee
Scheme 5.5

The logical first step towards discovering a universal synthesis for the seven target
compounds 7, 2, and 136-140 was to synthesise the amino amide precursors. A route to
optically pure 62 had already been discovered, and this was employed for the work in this
chapter, providing optically pure 62 in 52% overall yield (Scheme 5.5).

o)
~° 5eq. CH3NH
\ﬂ/\NH2 quD: 2 HzN\)J\N/
© Ha 50°C,30m H

142 42
Scheme 5.6 %
A literature procedure describing the synthesis of 42 was found to work without
modification.®® Accordingly, 142 was stirred in ethanolic methylamine at 50 °C for 30 minutes
and a basic workup was performed to yield pure 42 (77%) (Scheme 5.6) .

o] (e} 0 [0}
\‘/U\O/\ 5 eq. CH3NH, ﬁ/u\u/ HCleg H/ recryst ﬁ)j\u/
NHp HCI EtOH NH; E0 NHy o E1OH, NH

143 144 144-HC 144:HC|

Scheme 5.7

In a method analogous to the route used for 62, 143 was stirred in ethanolic
methylamine for 3 days and an aqueous workup performed. An ethereal solution of 144 was
treated with gaseous hydrogen chloride and the precipitate recrystallised from ethanol and
hexanes to yield needle-like crystals of 144-HC!, assumed to be optically pure, in 41% overall
yield (Scheme 5.7). The formation of a hydrochloride salt was a necessary step, as 144
existed as an oil at room temperature.

(o] . [¢]
SOCl,,
I OH EtOH o/\ 5eq. CH;NHz I N/
H
4 h EtOH,
HN NH, BEEDN HCI 120 HN NH;
146-HCI 147

Scheme 5.8 59%

Thionyl chloride was added dropwise to a stirred solution of ethanol. When the
reaction was complete and hydrogen chloride had been generated, 145 was added and the

95




mixture stirred for 24 hours at room temperature. The solvent was evaporated and the
residue washed with ethyl acetate and petroleum ether to provide 146-HCI. This was then
stirred in an excess of ethanolic methylamine for 120 hours at room temperature and the
solvent removed to provide 147 in 59% overall yield (Scheme 5.8).

0 0 0
Qj/\(lLOH EtOH, HCI Qj/\'/u\o/\ 5 eq. CHaNH, WN/
N / NH, reflux, 63 h hY I NH: EtOH, N I NH,
145

t, 169 h
146-HCI 147
Scheme 5.9 76%

Using the methodology devised for 147, racemic 145 was refluxed in ethanolic
hydrogen chloride for 63 hours and after workup, the resultant racemic 146-HCl stirred in
ethanolic methylamine for 169 hours at room temperature to give racemic 147 in 76%
overall yield (Scheme 5.9). Screening of HPLC conditions found that the enantiomers would
separate on a Chiralcel OD-R column using a 7:3 acetonitrile:water solvent system. Previously
synthesised batches of 147 were then subjected to analysis using this protocol and found to
have ee’s of 95-98%.

Scheme 5.10

An attempt was made to crystallise 147 from toluene, which resulted only in a sludge
being returned (Scheme 5.10). The dioxane:water solvent system was tried and showed
ability to dissolve 147 at reflux, but did not reprecipitate the desired product when the
temperature was lowered. Recrystallisation from THF:water yielded a crystalline product, but
only with very low recovery of material.

o] o] o]
recryst. 5 eq. CH3NH 7
QE/\KU\O/\ —— WOA eq. CHaNH, , N
NH, HCl OH HN NH; -HCI woh HN NH,

HN EtOH
146-HC! 146-HCI 147
13% >99% ee
Scheme 5.11 ’

Visually, 146-HCl appeared to have more crystallisation potential than 147 and efforts
were refocused on boosting its optical purity. A solvent screen showed 146-HCl to dissolve
well in acetonitrile, less well in water, ethanol, and IPA, and to be virtually insoluble in
toluene and ethyl acetate. An acetonitrile:ethanol system proved to be best amongst those
tested and provided recrystallised 146-HCl in 13% yield. This was then free-based and stirred
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with ethanolic methylamine for 71 h, providing 147 of >99% ee (Scheme 5.11). While the
overall yield of 147 was decidedly low, the quantities obtained proved sufficient for the work
performed within this chapter and no attempt to optimise this process was made.

i v EOH HCI
A(
’ OH 2. BnCl
HN NHz reflux, 23 h HEl

149-HCI
Scheme 5.12 58%

Neither 148 nor 149-HCl could be sourced commercially, necessitating the synthesis
of 148 from 145. As published by Magnus et a/., 148 may be prepared by doubly
deprotonating 145 and reacting the resultant dianion with benzyl chloride.” Accordingly, a
solution of sodamide was prepared by dissolving metallic sodium in refluxing ammonia
containing catalytic iron(lll) nitrate nonahydrate. 145 was then added and the mixture was
stirred to effect deprotonation of both the amino acid moiety and the proton at the 1-
position of the indole ring. The solution was then treated with a slight excess of freshly
distilled benzyl chloride and the reaction allowed to boil dry overnight. The residue was
quenched with water, filtered to remove iron residues, and treated with glacial acetic acid to
induce precipitation of 148. 148 was then refluxed overnight in ethanolic hydrogen chloride
to yield 149-HCl in 58% overall yield (Scheme 5.12).

0] (o}
N 5 eq. CH3NH, 7~
l © T EoH, | N
N NHz  jey EtOH, NH,

n65h N
Bn/ B {

149-HCI " 150
Scheme 5.13 8%

In a modification to the usual route for converting ethyl ester hydrochlorides to
amino amides, an agueous freebasing was performed prior to stirring the material in
ethanolic methylamine. This eliminated the need to expose the more water-soluble product
to an aqueous workup. 150 was thus obtained in 63% yield from 149-HCl (Scheme 5.13).
Racemic 149-HCl was then used to synthesise racemic 150. This material was found to
separate on the Chiralcel OJ column using a 9:1 hexanes:IPA mobile phase at 1.5 mL min (t =
27.9 min, 39.5 min) and showed that the 150 synthesised from optically pure 149-HCl had an
ee of >99%.
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5.4 Initial Investigations

ENIVA
jN
Bn /Ej)k 22mo%PTSA  Bn N)"
H
NHZ MW, DVIF, Q

150 °C, 30 min
110 NO,

11%, >99% ee
Scheme 5.14

In the previous chapter, a synthetic method for production of the acetophenone-
based imidazolidinones using methanesulfonic acid under microwave irradiation had been
developed and found to involve very little epimerisation (Scheme 5.14). Unfortunately, the
requirement for a microwave reactor would place limitations upon the utility of this work
and reduce the feasibility of scale-up. A logical starting point for development of a suitable
synthesis therefore seemed to be the use of ytterbium(lll) triflate under thermal conditions.

Bn /©/“\ _Bmol% YbOTRy I >
NHz toluene, Q

refiux, 40 h
110 NO,

36%, 95% ee
Scheme 5.16
The use of ytterbium(lll) triflate in refluxing toluene had shown the ability to facilitate
imidazolidinone formation (Scheme 5.15). This system appeared to be a good starting point
for the synthesis of 7, 2, and 136-140. Having previously observed the thermodynamic
nature of the reaction under microwave conditions and deduced how removal of water may
be expected to boost yields, reactions were performed under nitrogen and over 3A
molecular sieves.

SNV SNV
o, N N
Bn 9 mot% Yb(OTf);, j
N)% + N ""'é
toluene N2
NH’ reflux, 65 h Pno Pn A

62
Scheme 5.16

It was anticipated that the sterically hindered aldehyde 118 could present difficulties.
118 was refluxed with 62 in the presence of 9 mol% ytterbium(lll) triflate for 65 hours
(Scheme 5.16). After an aqueous workup to remove the paramagnetic catalyst, *H NMR
showed the reaction to have been a success. 2 and 151 were observed ina 1:1.3 ratio.
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(o] (o]
I 10 mol% Yb(OTf)3
Bnﬁ/U\ - o] )
N +
H | /) toluene, Ny,
2 reflux, 17 h

62 141

37% 27%
Scheme 5.17

The electron-rich aromatic aldehyde 141 was also found to react readily with 62 when
refluxed together in the presence of 10 mol% ytterbium(Ill) triflate for 17 hours. Column
chromatography was performed and the desired product 136 (37%) was isolated, along with
unwanted diastereomer 152 (27%) (Scheme 5.17).

Bn 10 mol% Yb(OTf)3 r% rz' )
holuene Na, %

NHZ 80°C, 17 h
62
26% 47%

Scheme 5.18
Having discovered during the synthesis of acetophenone-based imidazolidinones that
refluxing in toluene can be expected to induce significant epimerisation, milder conditions
were examined. 62 and 118 were stirred at 80 °C in toluene in the presence of 10 mol%
ytterbium(lll) triflate. After aqueous workup and column chromatography, 2 (26%) and 151
(47%) were obtained (Scheme 5.18).

Qe - S FE @LY% w {

80°C,16h

19% 36%
Scheme 5.19

147 was thought to be potentially problematic as it exhibited low solubility in toluene.
147, 118, and 10 mol% ytterbium triflate were stirred in toluene at 80 °C for 16 hours.
Column chromatography yielded 137 (19%) 153 (36%) (Scheme 5.19).
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5.5 Racemate Synthesis

N RNIVA
10mol% YB(OT N N
Bn ( N3 )
tol N N + N 6
uene, Np,
NHZ 80°C, 17 h PhH H

62 2 161
24% 39%

Scheme 5.20

Having established that 2, 136 and 137 may be synthesised under conditions less
likely to cause racemisation (Scheme 5.20), a protocol for establishing the enantiopurity of
the target imidazolidinones was desired. Racemic 62 and 118 were stirred at 80 °C in the
presence of 10 mol% ytterbium(lll) triflate in toluene for 17 hours (Scheme 5.20). Subjecting
the crude mixture to column chromatography yielded racemic 2 (24%) and 151 (39%). It was
found that 2 would separate on a Chiralcel OJ column using 19:1 hexanes:IPA at a flow rate of
1.5 mL min™ (t = 7.2 min, 10.5 min) and that 151 would separate on the same column using a
99:1 hexanes:IPA mobile phase at a flow rate of 1.5 mL min™ (t = 18.2 min, 22.3 min). A
variable wavelength UV detector was used and set to 220 nm, close to the peak absorption
of both 2 and 151.

N/ SNV

Bn 12 mol% Yb(OTf);, /)—N o B o
+ A S,

k[/ﬁ e W U 'Y

80°C, 16 h Ph

Scheme 5.21

Stirring racemic 62 with 141 and 12mol% ytterbium(lli) triflate in toluene at 80 °C for
16 hours yielded, after chromatography, racemic 136 (21%) and 152 (19%) (Scheme 5.21). It
was found that 136 would cleanly separate on a Chiralcel OJ column using 9:1 hexanes:|IPA at
a flow rate of 1.5 mL min™ (t =10.2 min, 27.3 min) while 152 would partially separate on the
same column using a 99:1 hexanes:IPA mobile phase at a flow rate of 1.5 mL min™ (t = 67.3
min, 72.8 min).

10mol% Yb(OTH, N ] Q N/ ] v
H< e, ) % + 3 \<
80°C, 17 h H H
137 153
20% 36%
Scheme 5.22

Racemic 147 and 118 were stirred at 80 °C in the presence of 10 mol% ytterbium(lll)
triflate in toluene for 17 hours (Scheme 5.22). Subjecting the crude mixture to column
chromatography yielded racemic 137 (20%) and 153 (36%). It was found that 137 would
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separate on a Chiralcel OD column using 37:3 hexanes:IPA at a flow rate of 1.5 mL min? (t =
22.9 min, 29.7 min). Conditions for the separation of 153 were not discovered.

0 2 N4
W)J\ <+ )j\ 8 mol% PTSA //tk
NH, 18k pnH

101

30 eq. 70%
Scheme 5.23

Using the literature preparation of 7, racemic 62 was refluxed in 2:1
methanol:acetone for 16 hours and 7 was obtained after aqueous workup in 70% yield
(Scheme 5.23). 7 was found to separate on a Chiralcel OJ column using a 97:3 hexanes:IPA
mobile phase at a flow rate of 1.5 mL min (t = 16.9 min, 18.5 min).

5.6  Synthesis Refinement

o (o]
| 10 mol% Yb(OTf)3
Bn\‘)k ~ o] )
N + 1/
R | / toluene, Ny,
80°C,17h

62 141 152
22% 36%, 94% ee

Scheme 5.24

62 and 141 were stirred in toluene at 80 °C in the presence of 10 mol% ytterbium(ili)
triflate for 17 hours. After column chromatography, pure 136 (22%, ee not determined) and
152 (36%, 94% ee) were obtained (Scheme 5.24).

(o] (o]
| 1 mol% Yb(OTf)g
an/‘L - 0, )
N +
H W toluene, Nz
80°C,17h

62 141 152
19% 58%, 97% ee

Scheme 5.25

To investigate whether lowering the catalyst loading could reduce epimerisation, 62,
141, and 1 mol% ytterbium(lll) triflate were stirred in toluene at 80 °C (Scheme 5.25). Column
chromatography yielded 136 (19%, ee not determined) and 152 (58%, 97% ee).
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N/ N/
Bn Kr< __ 5mol% YbOTs )j< + ),
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62
2eq. 99% ee

Scheme 5.26
At this stage, the use of a nitrogen atmosphere and molecular sieves were
discontinued, in order to be able to claim air insensitivity and broaden the appeal of the
methodology. The effect of lower temperature was also investigated when 62 and 118 were
stirred together with 5Smol% ytterbium(lll) triflate at 70 °C in toluene (Scheme 5.26). 2 was
isolated after column chromatography and found to have an ee of 99%.

N L/ SNV

N N

Bn 5 mol% Yb(OTf)3 + //f)

NH T oene N v 6
2 60°C, 16 h Ph Ph

62
2eq. 99% ee

Scheme 5.27
Lowering the temperature still further, 62 and 118 were stirred together with 5 mol%
ytterbium(lll) triflate at 60 °C in toluene (Scheme 5.27). 2 was isolated after column
chromatography and again found to have an ee of 99%.

(0] / o} /
N N
Bn H< _5mol% YbOTh; _ r% )\é + r% P é
N N
aoetonltrlle
NHz 60°C, 16 h P H Pn A

62

2eq.
Scheme 5.28
As the catalyst appeared to be almost insoluble in toluene at 60 °C, 62, 118, and 5
mol% ytterbium(lll) triflate were stirred together in acetonitrile at 60 °C for 16 hours
(Scheme 5.28). *H NMR showed the crude reaction mixture to contain 2, 151 and multiple
side products and this choice of solvent was not investigated further.

5 mol% Yb(OTf) 3 N/ 3 N/

mol%

Bn AMS /’%)Yoj/ + //%)1 o
NH2 toluene, No, Ph N \ W/ Ph ﬁ W

70°C,16h

152
29% 37%
Scheme 5.29

To see whether reduced temperature would still facilitate formation of 62, 141 and 5
mol% ytterbium(lll) triflate were stirred in toluene with 5 mol% ytterbium(lll) triflate at 70 °C
for 16 hours (Scheme 5.29). Column chromatography provided 136 (29%) and 152 (37%).
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62 144 152
Scheme 5.30

62 and 141 were then stirred with 5 mol% ytterbium(lil) triflate at 60 °C in toluene
(Scheme 5.30). Column chromatography was not performed as 'H NMR of the reaction
mixture showed a similar level of conversion to that attained in Scheme 5.29.

(o]
Bn IH< __2mo% Yb(OThy //\f)\é r%)
NHZ

60 C 17h
62
2eq. 26%, 99% ee 54%, 99% ee

Scheme 5.31

To investigate a lower catalyst loading at the reduced temperature, 62 and 118 were
stirred with 2 mol% ytterbium(Ill) triflate at 60 °C in toluene for 16 hours (Scheme 5.31).
After column chromatography, 2 (26%, 99% ee) and 151 (54%, 99% ee) were isolated.

o 0

|

Q]/YU\H rd + 2 ITD‘:I/D Yb(OTf)3

HN NH 60 %qu h 6
147

2eq. 8% 2%
Scheme 5.32

147 and 118 were stirred with 2 mol% ytterbium(l11) triflate at 60 °C in toluene for 16
hours (Scheme 5.32). Isolated yields of 137 and 153 were extremely low (8% and 2%,
respectively) and the problem was assumed to be the low solubility of 147 in the reaction
medium.
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5.7  Solvent Screening

HN—  Oxo-NH
_ 2mol% YB(OTN, _ | _
toluene N /ﬁ<

66°C, 16 h

2eq.
Scheme 5.33

Re-attempting the reaction between 147 and 118 at a slightly higher temperature,
the starting materials were stirred with 2 mol% ytterbium(Ill) triflate in toluene for 16 hours
at 66 °C (Scheme 5.33). After aqueous workup, "H NMR showed the crude to consist largely
of 154 with smaller amounts of 137 and 153. This indicated that the issue with this reaction
was not the low solubility of 147 but was in fact the inability of 154 to cyclise under these
conditions. As such, it appeared impossible to induce formation of 137 in good yields and
good enantiopurity by varying only the catalyst loading and temperature of this system.

] 0
N + ! 2 moi% Yb(OTf)g
’ H acehonltnle /\l<
HN NH,
147

66°C, 16 h

2eq.
Scheme §.34

Using the reaction of 147 and 118 as a test case, alternative solvents were
investigated and the results qualitatively assayed by 'H NMR of the crude reaction mixture.
147 and 118 were stirred with 2 mol% ytterbium(Ill) triflate at 66 °C in acetonitrile for 16
hours (Scheme 5.34). The crude was seen to be similar to that of Scheme 5.33 and to consist
largely of 154, with some traces of 137 and 153.

H H
N 0 N o}
/ /
2 mol% Yb(OTf);, | N | N
N + N) -
reflux 16 h H H
137 153
2eq.

Scheme 5.35

147 and 118 were stirred with 2 mol% ytterbium(ill) triflate in refluxing THF for 16
hours (Scheme 5.35). The crude was seen to be a mixture of 137 and 153 in a ratio of 1:1.9.
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reflux, 16 h

n (o] / H (o] /
__ 2moi% Yb(OThs ] N l N
T cHo,, N% + )’é
N N
137 153

2eq.
Scheme 5.36

147 and 118 were stirred with 2 mol% ytterbium(lll) triflate in refluxing chloroform
for 16 hours (Scheme 5.36). The crude was seen to be a mixture of 137 and 153 in a ratio of
1:1.3. This result showed chloroform to be the best candidate for synthesis of 137.

N/ SN
N N
Bn H< 2 mol% Yb(OTf)s fiﬁ)\é + r%) 6
N
NH2 ref?&a% h Ph A Ph N

62
2eq.

Scheme 5.37
Acetonitrile and toluene appeared unsuitable for synthesis of 137, while THF and
chloroform appeared to facilitate clean formation. The logical next step was to determine
whether chloroform or THF would be most suitable for synthesis of the other target
imidazolidinones. 62 and 118 were stirred with 2 mol% ytterbium(!ll) triflate in refluxing
chloroform for 16 hours (Scheme 5.37). The crude mixture consisted of 2 and 151ina 1:1.4
ratio.

Bn 2 mol% Yb(OT
H< 2o Yoo, i = + Bn N)\é + Bn N)""'é
NH T Twr, Bn N/\’< N N

2 reflux, i6h

62 1585

2eq.
Scheme 5.38

62 and 118 were stirred with 2 mol% ytterbium(!ll) triflate in refluxing THF for 16
hours (Scheme 5.38). The crude mixture consisted of 115, 2 and 151 in a 1:1.0:2.3 ratio. This
result established chloroform as the solvent of choice for the thermal ytterbium(llt) triflate-
catalysed synthesis of 137.
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Scheme 5.39

62 and 141 were stirred with 2 mol% ytterbium(lll) triflate in refluxing chloroform for
16 hours (Scheme 5.39). The crude mixture consisted of 136 and 152 in a 1:1.0 ratio,
together with traces of the intermediate imine.

0] / 0 /
By S
Bn __2mol% Yb(OTR,, )ﬁ/ + o,

reflux, 16 h

Scheme 5.40

62 and 141 were stirred with 2 mol% ytterbium(lil) triflate in refluxing chloroform for
16 hours (Scheme 5.40). The crude mixture consisted of 136 and 152 in a 1:1.3 ratio and
traces of the intermediate imine. This established chloroform as the preferred media for the
thermal ytterbium(lll) triflate-catalysed synthesis of 136 and suggested it as the solvent
around which this synthetic methodology should be standardised.

5.8 Acetone Equivalents

(0]

o] N/
an/U\N/ + )?\ 1 mol% Yb(OTf); j)(
H oo, N
NHz reflux, 16 h H
62 101 7
10 eq.
Scheme 5.41

The literature synthesis of 62 uses a 4:1 methanol:acetone mixture as a reaction
solvent, equivalent to a vast excess of 101. In order to determine whether a vast excess was
required for the synthetic methodology developed in this chapter, two experiments were
performed. Additionally, it was thought that lowering the catalyst loading to 1 mol% would
not significantly hinder target compound formation but would enhance the aesthetic appeal
of the methodology. 62 and 10 equivalents of 101 were stirred with 1 mol% ytterbium(Il)
triflate in refluxing chloroform for 16 hours (Scheme 5.41). 'H NMR of the crude showed
clean conversion to 7.
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Scheme 5.42

62 and 2 equivalents of 101 were stirred with 1 mol% ytterbium(lll) triflate in
refluxing chloroform for 16 hours {Scheme 5.42). 'H NMR of the crude showed clean
conversion once again, and established that 2 equivalents of 101 was sufficient for synthesis
of 7.

5.9 Temperature Screening

ENEVZ N L/
Bn 1 mol% Yb(OTT) N //%i
3 Ty,
H< T . N)T< + " §
P H pnH

NH2 reflux, 16 h
62
2eq. 28%, 97% ee 57%, 99% e

Scheme 5.43
Using the new conditions, 62 and 2 equivalents of 118 were stirred with 1 mol%
ytterbium(lll) triflate in refluxing chloroform for 16 hours {(Scheme 5.43). Column
chromatography provided 2 (28%, 97% ee) and 151 (57%, 99% ee). As the ee of the desired
product 2 was too low, further optimization of conditions appeared necessary.

O _NH
Bn K’< 1 mol% Yb(OTf)a i _
T cich . Bn N/\K
NH? 40°C,16h
62 155
2eq.

Scheme 5.44

62 and 2 equivalents of 118 were stirred with 1 mol% ytterbium(lll) triflate in
chloroform at 40 °C for 16 hours (Scheme 5.44). 'H NMR of the crude showed it to consist
mainly of 155, showing that the temperature was too low to induce cyclisation.
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Scheme 5.45

62 and 2 equivalents of 118 were stirred with 1 mol% ytterbium(lll) triflate in
chloroform at 50 °C for 16 hours (Scheme 5.45). 'H NMR of the crude showed it to consist
mainly of 155, with traces of 2 and 151. Once again, the temperature appeared to be too low
and it was deduced that no significant improvements could be made to product
enantiopurity by tuning the temperature of the reaction system.

5.10 Reaction Time Optimization

I
NH

SUL U W s SN SN,
an/lj\u/ + \o _YNOThs )17/ ) Q/ + I _ o
62 141 156

Scheme54s
60% -
Ko )
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40% X X L L 152
[ < A
2 4136
8 30% A § N A ©156
g a1
20% ° A §
10% - o A R Q
A
 {
0% . . . , . — . -

0 2 4 6 8 10 12 14 16 18 20 22 24

Reaction Time / h
Figure 5.47

To gauge the effect of lowering the reaction time from 16 hours, the reaction
between 62 and 141 was performed in deuterated chloroform and aliquots taken periodically
and analysed by 'H NMR (Scheme 5.46). This reaction proved suitable for monitoring by *H
NMR as 141 is non-volatile, so can be used stoichiometrically, and presents clean signals for
integration. Although the paramagnetic ytterbium(lil) was present, its concentration was
sufficiently low that the spectra could be interpreted without difficulty. For each spectra,
signals of the compounds 62, 141, 136, 152, 156 were integrated, expressed as a percentage
of the total, and plotted against the time at which the aliquot was taken (Figure 5.47). The
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results suggested that the reaction was under thermodynamic control and showed that at
the conclusion of the reaction, small amounts of 141 and 156 were present. Additionally, the
reaction appeared close to equilibrium after 8 hours, suggesting that reducing reaction time
may be a fruitful way to attain the desired levels of product enantiopurity.

| o)
L, f be X X
Bn 1 mol% Yb(OT:
o Yb( f)s i _ + an N 4+ Bn N)h.,_
NH T o, en N/\l< H H

2 reflux, 4 h

62 155
2ea Scheme 5.48

To see whether reducing reaction times may be fruitful with a different substrate, 62
and 2 equivalents of 118 were stirred with 1 mol% ytterbium(ilf) triflate in refluxing
chloroform for 4 hours (Scheme 5.48). *H NMR showed the crude to contain 155, 2 and 151
in a 1:1.8:6.3 ratio. This equated to an 2:151 ratio of 1:3.4, comparing unfavourably with the
2:151 isolated yield ratio, which was 1:2.0 in the comparable 16 hour reaction (Scheme 5.43).
This suggested 151 to be the kinetic product.

5.11 Final Conditions

SNNVZ
N
Bn H< 1 mol% Yb(OTf);, 5 )\6
n
N
NHz CHCI3 I

reflux, 8 h
62 2
2eq. 22%, >99% ee
Scheme 5.49

As a 16 hour reaction time had induced unacceptable levels of epimerisation and a 4
hour reaction time had produced the desired product in low yields, an 8 hour reaction time
appeared suitable. 62, 118 and 1 mol% ytterbium(lil) triflate were refluxed in chloroform for
8 hours (Scheme 5.49). Column chromatography provided 2 (22%, >99% ee).

SN
N
B KL)" _AmoveET; o
| N
NH2 Y Crg‘?g NN
136
Scheme 5.50 32%, >99% e

As expected, the reaction between 62 and 141 in the presence of 1 mol%
ytterbium(lil) triflate proceeded cleanly when refluxed in chloroform for 8 hours and column
chromatography was used to provide 136 (32%, >99% ee) (Scheme 5.50).
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2eq. 26%, >99% ee
Scheme 5.51

147, 118 and 1 mol% ytterbium(Ill) triflate were refluxed in chloroform for 8 hours
(Scheme 5.51). Column chromatography provided 137 (26%, >99% ee).

i i
Qj’/\ru\u/ + K,< _1.mol% YbiOTr)y w
BnN NH; cuc:sﬁ
150

reflux, 8h

2eq. 26%, >99% ee
Scheme 5.52

150, 118 and 1 mol% ytterbium(lil) triflate were refluxed in chloroform for 8 hours
(Scheme 5.52). Column chromatography provided 138 (26%, >99% ee).

0
an)f\”/ + /ﬁ\ _1mo% Yo(OT; _ jk

NH; re?ll-tf.'g h
62 101 7
2eq. 96%, >99% ee
Scheme 5.53

62, 101 and 1 mol% ytterbium(lli) triflate were refluxed in chloroform for 8 hours
(Scheme 5.53). Column chromatography provided 7 (96%, >99% ee).

o} N L
?N
HzN\)J\N/ 1 moi% Yb(OTf)a
H CHCI;, N

42
2eq. 55%
Scheme 5.54

42, 118 and 1 mol% ytterbium(lll) triflate were refluxed in chloroform for 8 hours
(Scheme 5.54). Column chromatography provided 140 (55%) as a racemate.
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5.12 UV active derivative synthesis

o Q N/
/ ”\K 1 mol% Yb(OTf)a ) ,,,,, é

N
NH2 ref?t;'(cllss h H
139
2eq. 23%
Scheme 5.55

Racemic 114 and 2 equivalents of 118 were stirred with 1 mol% ytterbium(Ill) triflate
in chloroform at 50 °C for 15 hours (Scheme 5.55). After column chromatography, racemic
139 (23%) was obtained. Lacking the aromatic ring systems of 7, 2, 136-138, UV absorbance
was expected to be much weaker. UV-visible spectroscopy showed a maxima at 240 nm and
HPLC separation was attempted with the detector set to this wavelength. Using a 199:1
hexanes:IPA mobile phase at 1.5 mL min™ on a Chiralcel OD column, partial separation of 139
was possible, but the weak signal rendered quantitative analysis impossible.

NO,

o y (0] Cl Y«O
N
j ) " + EN N —
N 6 DCM ON
ON NO, (o] /‘P
139 157 158
Scheme 5.56

To circumvent this problem, derivatisation of 139 was investigated. It was found that
racemic 158, produced from the condensation of racemic 139 and 157 (Scheme 5.56),
absorbed strongly at 237 nm and would separate on a Chiralcel OD column with a 4:1
hexanes:IPA mobile phase running at 1.5 mL min™ (t = 20.1 min, 27.1 min).

0 AN
eq. 118, N
~ _ NaOs _ 1 el Yh(OTh j Py
\(lLﬁ T EoH, \I/U\ CHC N 6
NH, -HCI 60°C,60s reflux, gh n
144-HCI 144
77%
Scheme 5.57
144-HCl was heated in ethanol with sodium carbonate to around 60 °C for 1 minute
and 144 isolated after filtration and evaporation of the solvent. 144, 118 and 1 mol%
ytterbium(ili) triflate were refluxed in chloroform for 8 hours before the crude was subjected
to column chromatography to provide 139 in 77% overall yield (Scheme 5.57). HPLC analysis
of UV-active derivative 158 showed the material to have an ee of >99%.
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5.14 Conclusions

i o} ; N/
R! - JJ\ 1 moi% Yb(OT)3 r "
H + R27 “R3 CHCly, R "
NHQ reflux, 8h H R
1or2eq.
Imidazolidinone R? R? R3 yield ee
7 Bn Me Me 96% >99%
2 Bn Bu H 22% >99%
136 Bn /@\ H 32% >99%
¥ o
137 3-Indoly-CH, 'Bu H 26% >09%
138  N-Bn-3-Indolyl-CH, !Bu H 26% >99%
139 CHj H Bu 77% >99%
140 H Bu H 55% 0%
Figure 5.61

Utilising synthetic knowledge and techniques gained in previous chapters, a flexible,
reliable and air insensitive synthesis has been developed that provides imidazolidinones 2, 7,

136-140 in good yields and high enantiopurity (Figure 5.61).

As preparations for 137, 138 and 140 could not be found in the primary literature, it

can also be said that this research fills a knowledge gap and allows other researchers easy

access to these catalysts.

Finally, publicising the utility of ytterbium(lll) triflate in imidazolidinone synthesis may
allow other researchers to adapt this methodology to attain target compounds of their own

design.
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Chapter 6: Computer Modelling
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6  Computer Modelling

6.1 Introduction

NO,
po'
Bn ”>\

110

Figure 6.1

The overriding goal of this project was to develop an iminium ion organocatalyst that
demonstrated both high performance and excellent levels of stereoselectivity. Efforts to
improve the enantioselectivity of the high performance 110 catalyst had run into a dead end
and experimental data suggested that its iminium ion geometric selectivity was lacking
(Figure 6.1). To gain further insight, computer modelling was undertaken. The aim of the
work documented within this chapter was to gain further understanding into iminium ion
selectivity and move towards being able to design a catalyst with high turnover and good
enantiocontrol.

Although modern computers have vast amounts of computational power, the
difficulty involved in chemical modelling rendered the available processing power incapable
of modelling systems of more than a few dozen atoms to the degree of accuracy deemed
acceptable for this project. This mandated the design of a system that would at once be
sufficiently simple as to be modelled on accessible computer hardware and yet sufficiently
developed as to be able to explain catalyst performance and elucidate general principles for
catalyst design.

6.2  Model Design

It has long been assumed that the transition state in the benchmark Diels-Alder
reaction is bimolecular and occurs between an iminium ion and a molecule of
cyclopentadiene 6. The transition states are assumed to occur in the absence of the chloride
counter-ion, which is assumed to be fully solvated in the protic solvent mixture.
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To investigate whether the reaction is bimolecular, the benchmark Diels-Alder
reaction was performed using 110-HCI and its enantiomer, mixed to attain overall 110-HCl
ee’s of between 40% and 100% (Scheme 6.2). A linear correlation between catalyst ee and
product ee was noted, indicating that the iminium ions react individually and not as
aggregates (Figure 6.3).

Another longstanding assumption is that the only active species in iminium ion
catalysed reactions are the iminium ions. While experiments documented in Chapter 4.3
showed a small degree of background reaction, this assumption was seen to hold largely true
for the benchmark Diels-Alder reaction.

Additionally, in the presence of water, the iminium ion catalysed Diels-Alder reaction
has been shown to be irreversible, meaning only the forward reaction needed to be
considered.®!
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A simpler system was therefore devised whereby only the starting material iminium
jons 18.E and 18.Z were considered. To reduce computational requirements further, 18.E and
18.Z were further simplified to 19.E and 19.2, formally arising upon condensation of
benchmark catalyst 7 with 13 (Figure 6.5). 19.E and 19.Z are rigid, planar systems, in which
the only significant conformational freedom is rotation of the benzyl arm relative to the
imidazolidinone ring. In the mechanism originally proposed by MacMillan, the position of the
benzyl arm controls the approach of the diene and determines the likelihood of each
transition state arising.’ Modelling of the dynamics of the benzyl arm can therefore be used
to intuit relative favourabilities of all possible transition states.
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1-2-3-4 (%)
Figure 6.6

A potential energy surface scan was performed whereby the dihedral angles between
atoms 1-4 of 19.E were varied in units of 10 ° between 0 ° and 350 ° and the spatial
arrangement of the rest of the iminium ions’ atoms optimized at each step. This scan was
performed using the Hartree-Fock function with the 6-31G* basis set. When the
conformational energy was plotted against the dihedral angle, 3 local minima were observed
(Figure 6.6).
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The scan was repeated for 19.E using the more accurate and more computationally

intensive Becke half-and-half function with the 6-31+G** basis set.”” This basis set has been
shown to accurately model nt-stacking interactions, believed to be important to the
conformational preferences of 19E and 192.”* 3 local minima were again observed (Figure
6.7). The minima were present at roughly the same dihedral angles, but had different relative
energies.
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Figure 6.8

Using the Hartree-Fock function with the 6-31G* basis set, a potential energy surface

scan was performed whereby the dihedral angles between atoms 1-4 of 19.Z were varied in
units of 10 ° between 0 ° and 350 ° and the rest of the iminium ions’ geometry optimized at
each step. 3 local minima were observed at similar angles to those observed in Figure 6.6,
but their relative energies were different (Figure 6.8).
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19.E1 appeared to block the top face of the a- and R-positions of the substrate, while
19.E2 appeared to block only the a-position. 19.22 appeared to shield the a-position, but
would induce formation of undesired stereoisomers, while 19.E3, 19.Z1, and 19.Z3 appeared
to exert little shielding influence on either the a- or B-positions of the substrate. It was
therefore surmised that in the benchmark Diels-Alder reaction, transition states arising from
19.E1 and 19.E2 would yield the desired products, while transition states arising from 19.E3
or 19.21-73 may give rise to either desired or undesired stereoisomers and would represent
an overall loss of produt ee.

N: -E;

Ng = Ng; + Ngz + Ngs
Nz = Nz; + Nz; + Nz3

Ng — Ny

isomeric excess = —————
Ng + Ny

Figure 6.10

The concept of isomeric excess developed in Chapter 4.21 appeared to explain the
enantioselectivity of the 2-arylimidazolidinones. It was seen that this same metric could also
be calculated from the relative energies of the conformations of 19.E and 19.Z.

Using the Boltzmann distribution function, a probability measure for each of the
conformations 19.E1-E3 and 19.Z1-Z3 was calculated (Figure 6.10). Using the same function
as is used for calculating ee’s, these probability measures were used to calculate an isomeric
excess for benchmark catalyst 7 (95%).
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6.3  Acetophenone Catalysts Evaluated

o /

Y
Bn! N R

o}
| H He
5 mol% Catalyst-HCI
[+ O mawcaamro Lb oy ng
Ph
5 6

) 5 ]
CHsz)?-i?Hzo, ~o Ph
25°C,4h
8
25eq.
Scheme 6.11
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125 CHs p-(NC)CeH, 76 75 83 73
121 CH3 CeHs 75 72 96 82
110 CHs p-NO,CeH4 75 80 97 87
119 CH; p-CH30CgH, 65 67 95 84
123 CH3 p-CICgH4 65 67 90 78
126 p-(NC)CeH, CHs 23 59 52 42
124 p-CICgH, CH;s 23 56 59 50
120 p-CH3OCgH, CH; 23 40 68 53
111 p-NO,CeH4 CHs3 21 63 94 78
122 CeHs CHs3 21 43 65 61
Figure 6.12
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Figure 6.13: Experimentally-attained ie vs. calculated ie for each catalyst in Figure 6.12
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Conformations for 110, 111 and 119-126 were optimized and their relative energies
calculated according to the previously described protocol (Figure 6.12). A strong correlation
was noted between experimentally determined ie’s (Chapter 4.21) and calculated ie’s,
indicating that the computational method for determining a catalyst ie is a good
approximation of the experimental method (Figure 6.13).
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A correlation between calculated ie and 8 ee’s attained in the benchmark Diels-Alder
reaction for each catalyst in Figure 6.12 was noted (Figure 6.14). A correlation between
calculated ie and 9 ee’s for each catalyst in Figure 6.12 was also noted (Figure 6.15). The
obvious outlier in both cases was 111, which exhibited far stronger enantiocontrol than
calculated ie’s would suggest.

As the computational and experimental ie’s matched closely, it appeared that the
unexpectedly good enantiocontrol exhibited by 111 in the benchmark reaction was unlikely
to be due to 111 possessing superior geometric control and that another mechanism may be
responsible.

6.4 Conclusions

A computational model was developed for assaying the stereocontrol of iminium ion
organocatalysts. Using this model, a catalyst may be characterised in terms of the relative
energies of the six total conformations of the two geometric isomers of the iminium ion
formed upon its condensation with 13. This represented a substantial saving in
computational time over the transition state model and rendered it a practical undertaking.
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Previous work in this group had used the Hartree-Fock method exclusively due to the
more limited computer hardware that was available at the time. This method was deemed
unsuitable as it does not accurately model n-orbital interactions and could not be relied upon
to generate the quality of results needed for this project. A more suitable model, the Becke
half-and-half function was used instead. This algorithm rivals more computationally
expensive models in terms of accuracy yet allows calculations on these systems to be
performed in a reasonable time. When the energies of all the conformations of the two
geometric isomers of an iminium ion were calculated in parallel using the university’s Merlin
cluster, results were returned in around 40 hours.

Calculated ie’s were found to be a convenient measure of the iminium ion geometry
selectivity of a catalyst, and were found to correlate with experimentally observed isomeric
excesses and experimentally attained product ee’s.

Finally, the data provided by this model provided further evidence that the 2-
arylimidazolidinones attain low ee’s in the benchmark Diels-Alder reaction due to poor
iminium ion geometry control.
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Chapter 7: Computer-Aided Catalyst Design
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7 Computer-Aided Catalyst Design
7.1  Introduction

The success of the theoretical model developed in the previous chapter in explaining
the shortcomings of the acetophenone series catalysts increased interest in the use of
computer modelling.

It had been a longstanding goal within the group to develop a reliable and accurate
computational model of iminium ion organocatalysis that would allow catalyst structures to
be evaluated in silico, thus reducing experimental workload and allowing for faster progress
to be made.

At this stage in the project, there appeared to be 3 discrete factors influencing
catalyst performance: EWG strength, iminium ion geometric selectivity, and substrate
shielding ability of the dominant iminium ion.

7.2 Proton Affinity Calculation

o} / N/ 0 / o /
N N NO, N N
< oy b
gn” N Cg N gn” N CFs Bn” N
H A H H
7 110 90 9

Figure 7.1

Research performed within the group had shown that the RDS in the benchmark
Diels-Alder reaction catalysed by 7-HCl was iminium ion formation, believed to be a second
order reaction between the free amine and the aldehyde.?! This suggested that the enhanced
rate of 110-HCl was attained due to a decreased proton affinity and an increased
concentration of the free amine under reaction conditions. The upper limits for EWG
strength in a functional catalyst appeared to have been exceeded in the case of 90 and 91,
which were seen not to catalyse the benchmark reaction.

SRT
PA = E(B) — E(BH*) + ZPVE + ——

ZPVE = zero-point vibrational energy

Figure 7.2

To gain understanding into the RDS of the benchmark reaction and generate an extra
metric by which catalysts may be characterised, proton affinities (PA) were calculated. This
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was performed in accordance with the method of Rao and Sastry using the B3LYP/6-31+G*
level of theory (Figure 7.2).”

R! R? PA (k) mol™)
33 H p-NO,CeH, 915
104 | p-NO,CH. H 917
110 CHs p-NO,CeHa 924
111 P-NO;CeH4 CHs 927
126 | p-(NC)CgHa4 CH3 927
125 CHs p-(NC)CgHa 928
123 CHs p-CICeH, 950
124 p-CICeH, CH; 951
122 CeHs CH3 959
121 CHs CeHs 960
119 CHs p-CH30C¢H, 970
120 | p-CH3;0C¢H4 CH; 972
Figure 7.3

Amongst the 2-aryl imidazolidinones, a correlation between experimental catalyst
performance and calculated proton affinity was observed within both the (25,55)- series and
within the (2R,5S)- series (Figure 7.3). Comparison between these two series was not
enlightening as proton affinity varied by no more than 3 kJ mol™? between diastereomers.
Experimentally, the (2R,5S)- catalysts. had shown substantial rate advantages over the
(25,5S)- catalysts (Chapter 4.14).

R! R? PA (kJ mol™)
115 (CH,)s 942
7 CHs CH3 945
2 C(CH3)s3 H 948
114 (CHy)a 950
Figure 7.4

o /
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Very little spread was observed amongst the 2-alkyl catalysts (Figure 7.4). These
results failed to explain why 2, 7 and 115 had very similar experimentally observed turnovers,
while 114 exhibited much lower performance. Additionally, the proton affinity of benchmark
catalyst 7 would place it close to the median proton affinity of the 2-aryl catalysts, all of
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