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Abstract vii

Abstract

The synthesis of a range of novel enantiomerically pure vicinal 1,2-
diamines is described as has their subsequent use as asymmetric catalysts. Most of
the amines are of a C, symmetric nature and are derivatives of (1R,2R)~(-)-1,2-
diaminocyclohexane, although several disymmetric ligands have been prepared.
The preparation of these ligand systems is described including the synthesis of
those with just the two stereogenic centres of the diaminocyclohexane as well as
those with additional stereogenicity. The addition of a secondary chiral centre
f gives rise to the possibility of having several diastereomers which have all been
synthesised where relevant. Furthermore, most of these ligands have been
prepared as both secondary and tertiary amines.

The amine ligands have been tested on a variety of reactions such as the
asymmetric addition of diethylzinc to benzaldehyde, the asymmetric 1,4-conjugate
Michael addition and to a lesser extent the asymmetric lithium mediated
deprotonation and asymmetric epoxidations. The effects of varying from
secondary to tertiary amines, and from having two stereogenic centres to having
four has been recorded for the first two mentioned processes. From these results,
catalytic models have been proposed to explain the enantioselectivity of the
systems. A large majority of the intermediates required for the synthesis of the
amines have also been tested to varying success and this is also described.

Finally, full experimental data has been given as well as a full list of

references.
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Abbreviations

Notation
Stereochemistry is represented in the following ways;

An even-shaped bar refers to relative stereochemistry

H
{_NH,
(:l[ (2)-trans-1,2-diaminocyclohexane.

A wedge-shaped bar refers to absolute stereochemistry.

H
L.
TSN,

(1R,2R)-(-)-trans-1,2-diaminocyclohexane
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1.1  The significance of asymmetric synthesis

Until relatively recently, the concept of the world being either left or right
handed at the molecular level was mainly limited to mathematical and physical
models. With the advent of medicine and the advancement of analytical
techniques the importance of molecular symmetry in biological contexts has
become paramount. The discovery that DNA and amino acids were chiral (having
a mirror image incapable of superimposition, figure 1.1a), introduced the

importance of stereochemistry.
| However, the biological implications were less clear until the 1960°s when
the consequences of adverse stereochemistry came to light in the unfortunate case
of thalidomide (figure 1.1 b). One of the enantiomeric forms of the racemic drug
had the sedative effects that were desired. However, the opposite enantiomer had
devastating teratogenic effects. The racemic drug was administered to pregnant
women to relieve pain but caused irreparable damage to the developing foetus.
Although it appeared that even if the drug was administered as a single
enantiomer, racemisation inside the body still occurred, producing the teratogenic
form., However, the requirement for enantiopure compounds still remains a
fundamental consideration and has forced universities and industry alike to

address the hugely important topic of asymmetric synthesis.

a) mirror plane b) mirror plane

A A
D *\ B B/*"’D
C c

Iz
Qe = (@)
=z
o

(0]
N
UBGN
0 (o) 0O” °N” 0
H
sedative 1 : teratogen 2

Figure 1.1 a) Depicts a carbon atom surrounded by four different groups and its non-identical mirror image.

b) thalidomide shown as both enantiomers; sedative and teratogenic.

This new appreciation of the importance of chirality has brought about an
increasing demand for new methods in asymmetric synthesis that produce chiral
compounds in high enantiopurity. This has led to a rapid increase in the sale of

optically active compounds; in 1995 they accounted for one fifth of the total profit
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Chapter 1 Introduction 3

by recrystallisation or chromatography, in order to separate the enantiomers
efficiently. The third generation method, that of enzymic transformations, is often
the most efficient technique. However, this method is very limited owing to the
high substrate specificity of the enzyme in question. It can also be difficult to
obtain a high recovery rate of the enzyme. Lastly, the fourth generation technique
is that of asymmetric synthesis, an area that has received the most amount of
attention in recent years.” There are two main topics within asymmetric synthesis:
the use of chiral auxiliaries and asymmetric catalysis.

A chiral auxiliary is used to form a covalent bond with one reactant and
' the product then induces an asymmetric process with a second reactant. A well
known example of this is the Evans auxiliary (Scheme 1.1).> The selectivity of
such auxiliaries is generally very good and although this is quite a versatile way of
synthesising enantiopure compounds, it creates two additional chemical steps
(attachment and removal of the auxiliary) and also requires stoichiometric
amounts of auxiliary. This, of course, leads to increased cost.

Li

Q o O o/ \o o 0
Hl\g)_l\jo i_.R\/lkNi‘/o L»R\)\rféo i, R rj}F_/O
d.e. 92%

Scheme 1.1 Reagents : i) RCH,COCI ii) LDA iii) EtI

Perhaps the most exciting area is that of asymmetric catalysis. This is
where the interaction of an enantiopure catalyst with an achiral reagent, renders it
chiral so that when the substrate approaches it, it does so (ideally) from
exclusively one face. Once the enantioselective reaction is over, the interaction
between the reactants and the catalyst is destroyed, thus recycling the catalyst for
further reactions (Scheme 1.2).*

Since this method is catalytic and thus needs only a very small amount of
catalyst compared to the stoichiometric amounts required by chiral auxiliaries, it is
usually much cheaper. The main problem is that it is very difficult to obtain high

enantiomeric excesses consistently.
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o LA*0” FosiMe

5y B

Me,SiO O

Scheme 1.2 : The catalyst LA*, is regenerated at the end of the reaction and reinteracts with reagent R’°CHO

to reform the catalytically active species R"”CHO.LA*.

The advantages of asymmetric catalysis are so great that most recent efforts’ have

been directed towards finding efficient, highly enantioselective catalysts for a

whole range of processes from the addition of organozinc compounds to

aldehydes to the well known epoxidation methods of Sharpless® and Jacobsen.”

This chapter intends to review the following enantioselective reactions: addition

of alkylmetals to carbonyls; 14-conjugate additions (Michael additions);

asymmetric epoxidations; and asymmetric lithium-mediated reactions.
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1.3  Asymmetric 1,2-addition of nucleophiles to prochiral carbonyl

compounds

There are two methods for the enantioselective addition of an achiral
nucleophile to a prochiral carbonyl compound. The first is to add an achiral
nucleophile to a carbonyl that is adjacent to a stereogenic centre. Such a reaction
is usually subject to Felkin-Ahn rule® (an adaptation of Cram's rule).®® and
although in many cases the stéréoselectivity is quite high, it is limited in that the
absolute stereochemistry of the new chiral centre is, to a large extent, dictated by

" the substituents in the adjacent chiral centre (Scheme 1.3). It is substrate

controlled.
L
R, O
! R Nu, OH
] ] M, X
pp— R MM e
s
RL
Rg H

Scheme 1.3 Nuclcophilic attack of a prochiral aldchydc, the trajcctory being dictated by the naturc of the

groups around the stereogenic centre.

The second way of achieving an enantioselective 1,2-addition is by the
addition of the achiral nucleophile to the prochiral carbonyl which need not be
near any chiral centre (and indeed it is probably best that it is not) via use of an
enantiopure catalyst. This is quite difficult to effect because firstly, the
nucleophile must be as unreactive as possible to the carbonyl group until they both
interact with the catalyst (leading to the observation of ‘ligand acceleration’) and
secondly, the catalyst must have the correct spatial orientation for successful
chiral induction if any reaction is to occur at all. So, how can this be achieved and
how can the substrates orientate themselves around a catalyst? The answers lie
with the fact that in all 1,2-additions, there is an interaction (in most cases a c-
interaction) between the carbonyl and a metal. This means that if the metal was
made chiral by being bound to a chiral ligand, then the carbonyl group, when

bound to this asymmetric metal, would react enantioselectively.
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1.3.1 Asymmetric addition of dialkylzinc to aldehydes

Perhaps the most well known example of catalytic asymmetric induction is
the reaction of dialkylzinc with aldehydes — in particular, the reaction of
diethylzinc with benzaldehyde (Scheme 1.4).

0 OH

ZnEt2

chiral ligand

" Scheme 1.4 The enantioselective addition of diethylzinc to benzaldehyde is used as a yardstick to assess new
potential catalysts.

This is a useful protocol for several reasons. Most importantly, diethylzinc is
unreactive to benzaldehyde when there is no catalyst present. This is because
monomeric dialkylzinc is linear and has no dipole moment. The moment it binds
to the catalyst it becomes bent owing to the donor properties of the ligand and thus
becomes more reactive because of the resulting dipole moment. This reactivity is
increased when one of the alkyl groups is replaced with an electronegative
substituent (figure 1.3). This is because the electron withdrawing characteristics of
the electronegative substituent increase the donor properties of the alkyl group,
thereby increasing the polarity of the alkylzinc bond, which in turn increases the
acceptor properties of the zinc atom.” Furthermore, the carbonyl in benzaldehyde
is relatively unreactive. All these factors ensure that any product is the direct
result of a catalytic process. The chromophore within benzaldehyde also makes
the progress of the reaction easier to follow, as well as allowing the analysis of the
product by HPLC-UV.

L L L L L =Ligand

\ \ R = Alkyl

R-Zn—R << / < / X =N, O, halogen etc..

Zn Zn
R "R R X

Figure 1.3 The order of increasing reactivity of dialkylzincs. Linear, monomeric dialkylzincs are inert to

simple aldehydes

This reaction has been the subject of much study'® over the years and a range of
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catalysts have been developed that give high yields and enantioselectivities.''

By far the most successful group of ligands that catalyse the
enantioselective addition of diethylzinc to aldehydes are the B-aminoalcohols.
Their structure is ideal because, as already mentioned, the reactivity of the
diethylzinc is greatly enhanced when one of the alkyl groups is replaced with an
alkoxide. The P-aminoalcohol also has the correct geometry to enable the
dialkylzinc to attain its bent form 4, essential for reaction and also to allow chiral

control (Scheme 1.5).12’13

R’ /R' . —_—
H R ., R
' RGN Et R R’
- F$ \Zn/ H \/ H\/
R N‘Rl Et'lzn - 7/ \ H +ELZZn R G N\ R : N\ ’Et
I —R & O\ LOJWR =—= I Jin—Et =— I Ln
R a OH /Zr\l\ j -Et,Zn | R I:I o, R |5| o Nt
Et” “N7I'R F-Et 2Zn
J\P Et Et
R' R — -
3 4
R' '
R' "
RCHO R \/ ®m R \N/\ Et \/OLH
o— \n O\
\ Zn-O H
Zn—-0 ~ >
Bt R B g—R
6 7

Scheme 1.5 The 1,2-difunctional nature of the nitrogen and oxygen atoms of a f-aminoalcohol allow for co-
ordination around zinc, and also for the possibility of chiral control via introduction of enantiopure groups on

the B-aminoalcohol spine.

Much of the pioneering work in this area was performed by Noyori and co-
workers,"* whose group elucidated the mechanistic pathway. They discovered that
the reaction pathway required two zinc moieties to bind to the ligand, rather than
just one. NMR evidence proved the existence of dimer 3 and furthermore,
experiments where only a stoichiometric amount of diethylzinc to ligand was
used, no chiral alcohol was produced confirming the need for two zinc moieties.
Also, the dynamic exchange of ethyl groups on zinc (as shown in the
square brackets) was proven by NMR and mass spectrometry. It was found that

the dimeric structure 3 was ruptured spontaneously by the addition of dialkylzinc,
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although an alternative pathway proposed by Noyori shows that the addition of the
aldehyde can also rupture this structure. However, this still produces the same
adduct 5 (Scheme 1.6)."

AR — —
R '; N /Et R' Rl R' R'
Zn H \/ H \/
2 O/ \ H +Et2zn RS N\ RS N\ ,Et
RA 9.0 -— JZn—Et === I P
/Zn\ -Et,Zn R0, R0 \Et
'IR H Zn_Et H
H / /Zn
/ Et Et
R' R' — —
4
3
-RCHO +RCHO
-RCHO +RCHO
R R '
R' R
\/ R \/
RN Et +Et,Zn N E
I \Zn/ — - R O/Zn
/ R o
R ﬁ' (0] \oz/ “Et,Zn \Zn-O
Bt \ N _Rr
Et
8 5

Scheme 1.6 The dimeric structure 3 is cleaved by addition of dialkylzinc 4 or addition of aldehyde 8, both of
which form a catalytic complex 5§ by consequent reaction with aldehyde and diethylzinc respectively.

The pre-catalytic structures, 4 and 8 are regenerated by the instantaneous
decomposition of 6 on addition of diethylzinc (for 4) or benzaldehyde (for 8). The

decomposition product is the stable tetramer 10 (Scheme 1.7).

R,Zn 10

~ R‘EH et R K
0—2 -

R \/ Et \/‘ 4 Et<_ / qy\/

/ = Zn-——0 H
- R - R
Zn—O H 8
e g——R / \ @ a
RCHO 10
6 10

Scheme 1.7 Once alkyl transfer has occurred, the catalyst is regenerated by addition of dialkylzinc or
aldehyde, producing the tetramer 10 which upon hydrolysis gives the chiral alcohol 7.
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All these studies by Noyori were conducted using (-)-3-exo-
(dimethylamino)isoborneol (DAIB) 11 which was found to be very effective in
the enantioselective reaction. In fact, in the reaction of diethylzinc with
benzaldehyde to produce 1-phenyl-1-propanol, a yield of 97% was obtained, along

with an enantiomeric excess of 98% in favour of the (S)-isomer (Scheme 1.8).

o OH

H i NMe,
- OH

11

Scheme 1.8 Reagent : i) 11, 2 mol%, Et,Zn, toluene. Asymmetric 1,2-addition using 11 as a ligand for
catalysis.

One further point of interest that comes from this work is the observation
that the ligand 11 is effective even if it is not enantiomerically pure. The reasoning
behind this, known as the ‘non-linear effect’, is that the two different enantiomers
form the analogous dimer of 3 to produce the stable, catalytically inactive dimeric
structure 12. The remaining enantiomer of 11 is then free to react as normal
(Scheme 1.9).

R R'\ R
‘ R '? N/ Et rRE N/\ L
H R R I 7 Zn\ H I s Zr{ H
Rj:MR' . R,I:MR, Btzn RGO olR .\ RG0L _OJL.R
. — Zn I Zn j
R7Z"OH OH e DR AN
/\ /\"
75% 25% R R R' R
12, inactive 3, active
50% 50%

Scheme 1.9 In a system where the catalytic ligand is present in a 50% enantiomeric excess, then the 25% of
the minor enantiomer will interact with 25% of the major enantiomer thus leaving 50% of the major

enantiomer to react as normal.

Since this research was published, there has been a notable increase in the

use of B-aminoalcohols as ligands for catalysis. In the most part their catalytic
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effectiveness has been demonstrated using the standard reaction of benzaldehyde
with diethylzinc.

Tanaka and co-workers'* carried the idea of the use of DAIB further using
catalysts 13 — 16 in which firstly, instead of a tertiary nitrogen, there is a
secondary one bearing a bulky substituent, and secondly ligands 14 and 16 are

endo rather than exo.

EES J&ﬁ pS A,

13 14 15 16

The change from exo to endo appears to have a significant effect on the
enantioselectivity and in fact, the endo ligands 14 and 16 give greater

enantioselectivities in the addition of diethyl zinc to benzaldehyde (Table 1.1).

Ligand Yield, % E.e,% Configuration
13 89 53 S
14 92 93 R
15 95 49 S
16 83 97 R

Table 1.1 Changing from an exo-isoborneol to an endo structure, gives rise to a reversal in enantioselectivity.

This reversal is quite understandable since the change from exo to endo is
akin to a change in the absolute configuration of the B-aminalcohol (i.e. SS >
RR). The enantioselectivities of 14 and 16 are greater than for 13 and 15 because
the isoborneol unit is at a far more acute angle (figure 1.4a). This means that it has

a far greater steric effect than when it is at the relatively more obtuse angle as in
13 and 15 (figure 1.4b).
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a) endo b) exo
th OH Zn__ OH
Zo Bt Ph T ~"ph
=Zn ke
R) Ph H )
Aldehyde is more restricted Aldehyde is less restricted

Figure 1.4 a) In the endo system, restriction of the aldehyde ensures high enantioselectivity. b) In the exo
" system, the aldehyde has more freedom, allowing the ethyl unit to be delivered from either side (although the

(R)-isomer is still predominant).

The reversal in enantioselectivity is most easily achieved by reversing the
chirality of the stereogenic centres responsible for chiral control. This has been
exhibited in the ligand systems used by Juaristi and co-workers (Scheme 1.10 and
Table 1.2)."

OH Q Ph :[ OH
©/‘L @/‘)\/ Cr Ph” “NH
Ph PhJ\
20 21 22
Scheme 1.10 Reagents : i) ZnEt,, n-BuLi, ligand 19 - 22 (6 mol%), C;Hs : hexane
Ligand Yield, % Ee., % Config.
19 78 35 S)
20 65 47 (R)
21 60 42 S
22 70 4 (R)

Table 1.2 : Reversal of certain stereogenic centres leads to a reversal in enantioselectivity.

Juaristis’s results seem to indicate that the chiral centre containing the
phenyl group also has some control over the enantioselectivity of the reaction
because the enantiomeric excess are not the same when moving from one
diastereomer to the next. Perhaps of more interest is the fact that, again,
secondary amines also catalyse the reaction, giving substantial yields.

Despite the above, it is tertiary aminoalcohols that have been shown to be

the most successful type of ligand in this process. Over the years many ligands of



Chapter 1 Introduction 12

varying structure have been put to effective use (ligands 23 — 28, table 1.3).'
Many of these tertiary aminoalcohols are based upon the ephedrine family of
molecules.'® Again, these ligands have been used in the addition of diethylzinc to
benzaldehyde (Scheme 1.11).

0] OH
©)\H i @)\/
ii
17 18

25160 26!

27 16a
Ligand Yield, % Ee., % Config.
23 95 98 R
24 100 100 R
25 81 81 R
26 100 90 S
27 93 94 S
28 97 81 S

Table 1.3 : High enantioselectivities are obtained when using enantiopure tertiary -aminoalcohols.
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1.3.2 Tridentate ligands for the enantioselective addition of diethylzinc to

benzaldehyde
Several tridentate ligands have also been synthesised for this reaction, all

of which are of the B-aminoalcohol variety. Tanaka and co-workers'* used ligands

29 and 30 in 5 mol% to obtain 18 in an enantiomeric excess of 92%, (R) and 88%

(S) respectively.

HOH

29 30

Corey and co-workers! '8

tested a range of ligands (31 — 36) for the same
purpose (table 1.4). Ligands 31-33 required the formation of the lithium chelate'’
but ligands 34 — 36 did not.'® Corey proposed that ligand 31 forms structure 37 on
complexion with lithium. Alkyl delivery then occurs on to the aldehyde which has
adopted the position whereby the bulky phenyl group is pointing away from the
methyl group on nitrogen. The ligands without a lithium chelate such as 35 form

structure 38.

‘, N Me 7] N Me < |
NTH Y N”'H Ph ~UN-
| :[ | I \l/\'?' Me
HO” “Ph HO” ™Ph OH Me
31 32 33
Me
Me
Ml .Ph YL _ph
N N N
OH
on O OH OH
HO

34 35 36
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Ligand Yield, % Ee.,% Config.
31 68 84 S
32 85 85 S
33 69 91 S
34 93 86 S
35 93 70 R
36 91 75 R

Table 1.4 : The use of Corey’s tridentate ligands in the enantioselective addition of diethylzinc to
benzaldehyde.

H
/N ~Me
N ] \ g
-0 07 ™ph AL =
f‘(l \ ° o) n
H Et “Et Et
Ph
37 38

More recently, Wu and co-workers'® used tri-dentate ligand 39 in 5 mol%
to give 18 with a yield of 98% and an enantiomeric excess of 92%. Wu suggests
that the a-pyridylmethyl group is essential to enantioselectivity because it acts as a
tether to zinc, which maintains the rigidity of the asymmetric structure 41. When
the aldehyde is converted to the alcohol, this tether is released to maintain the
tetrahedral co-ordination of zinc 43 (Scheme 1.12).

Et\
- ;n—Et
Ph_ OH Ph_o O_ _Et
Ph \ Et Ph N, -
Ph —_— -Zn — N'_:l'z'.'n

Et
39 H.Z.Ph 40 ‘ 41
Y N
OZnEt PhCHO

43 42
Scheme 1.12 Wu’s proposed mechanism for tridentate ligands.
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1.3.3 C;-symmetric ligands in the enantioselective addition of diethylzinc to

benzaldehyde.

Few systems incorporating a B-aminoalcohol unit and C,-symmetry have
been reported. Soai and co-workers® used the lithium alkoxide of 1,2-ephedrine
derived ligand 44 in 4 mol% to obtain (R)-18 in a 95% yield and an enantiomeric
excess of 32%. It was also shown that the non-lithiated ligand performed less
well, giving (S)-18 in a 47% yield and a 14% enantiomeric excess. Pedrosa and

co-workers®! used 1,3-ephedrine derivatised ligand 45 in 10 mol% to give (S)-18
| in a 72% yield and an 80% enantiomeric excess without any need for the lithium
alkoxide. The unusual C,-symmetic ligand 46 containing only one (-aminoalcohol
unit, was synthesised by Noyori and co-workers'® and gave (S)-18 in a 71% yield
and a 49% enantiomeric excess. One of the most recent examples of a C,-
symmetric aminoalcohol comes from Masaki and co-workers.?? They used ligands
47 and 48 to obtain (R)-18 (table 1.5). Most recent efforts have focused on the use
of 1,1°-disubstituted ferrocenyl aminoalcohols. Pélinski and co-workers® used

ligand 49 to obtain (R)-18 in a 100% yield and an enantiomeric excess of 83%.

Ph Me Ph
Meﬁ/L H
OH N OH
® ‘
N
N~ y (
Me“‘l\:/OH NHOH OH OO
Ph Me  Ph
44 45 46
Me  Phop
‘ Ph Ph
MeOHzC N "CH20Me Ph N wué.ph

HO\F£ HO | OH

47 48 49
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Ligand Yield of 18, % Ee., % Config.

Li-44 95 32 R
45 72 80 S
46 71 49 S
47 90 61 R
48 82 16 R
49 100 83 R

Table 1.5 : C,-symmetric B-aminoalcohols seem not to give as high enantioselectivities as single enantiopure

B-aminoalcohol units.

Several C,-symmetric ligands that are not of the B-aminoalcohol variety
_have also been utilised. Most notably, bis-sulfonamide ligand S0, was used by
Yoshioka and co-workers®* with titanium isopropoxide in the enantioselective
addition of diethylzinc to benzaldehyde (Scheme 1.13). 1-phenylpropano! was
obtained in a 98% yield and a 98% enantiomeric excess of the (S)-isomer.

Interestingly, even trace amounts of 50 had substantial catalytic effects (table 1.6).

0 OH
—_—
17 18

Scheme 1.13 : Reagents : i) ZnEt,, Ti(OiPr),, ligand, -23 °C

Zhang and co-workers® synthesised tetradentate sulfonamide ligand 51
and used it in the same process to obtain (S)-18 in a 98% yield and a 99%
enantiomeric excess. Zhang proposed that the titanium binds in the central pocket
of the molecule allowing co-ordination of the substrates around it (52). Similarly,
Uang and co-workers? used ligand 53 to obtain (S)-18 in a 99% yield and an 81%

enantiomeric excess.

Ligand (mol%) Yield of 18, % E.e..% Config.
50 (20) 98 98 S
50 (0.5) 97 98 S
51 (20) 98 99 S
53 (20) 99 81 S

Table 1.6 : C,-symmetric sulfonamides are effective catalysts for the enantioselective addition of diethylzinc
to benzaldehyde.
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1.3.4 Enantioselective hydrocyanation of carbonyl compounds

The addition of cyanide to a carbonyl compound (hydrocyanation) is one
of the oldest known carbon-carbon bond forming reactions (Scheme 1.14).%
Various catalysts have been designed to effect this, most of which are chiral
titanium complexes. Yaozhong and co-workers® used 20 mol% of B-
aminoalcohol 55 and 20 mol% of titanium tetraisopropoxide to obtain (S)-54 in an
88% vyield and a 29% enantiomeric excess. In a similar sense, B-iminoalcohol
ligand 56 with titanium tetraisopropoxide was used by Hayashi and co-workers®
to obtain 54 in a 67% yield and an enantiomeric excess of 92%. Also, Nitta and

co-workers*® used ligand 57 with titanium tetraethoxide to give 54 in an 83 %

Cl
0,8 Cl
H NH OH
b NH OH

0,5 o

Cl
51

yield and a 95% enantiomeric excess.

I
0” H '_?21
o, = (T
N H
—0 Et 0,
52

Scheme 1.14 : Reagents : i) Ti(OR),;, Me;SiCN, dichloromethane



Chapter 1 Introduction 18
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S5 56 57

These imine ligands naturally led to the use of C,-symmetric salen
. complexes, which have proven a popular chiral inductive source for this reaction.
For example, Belekon’ and co-workers®! used salen ligands 58 and 59 and Jiang

and co-workers used the very similar ligand 60 to obtain 54 enantioselectively.

(table 1.7).

58 59 60 61
Ligand Metal source  Yield of 54, % E.e.% Config.
58 Ti(OiPr)4 90 60 S
59 Ti(OiPr), 90 49 S
60 Ti(OiPr), 82 84 R
61 Ti(OiPr)4 nd 88 S
61 VOSO, >99 94 S

Table 1.7 : C,-symmetric salen complexes generally give high enantioselectivities for the enantioselective

hydrocyanation.

North and co-workers® used ligand 61 with both titanium and vanadium and
found that the system using vanadium gave better enantioselectivities. North
reasoned that this is due to the vanadium complex being more stable than the
titanium one and retains a monometallic complex, as opposed to titanium which

forms a certain amount of the bimetallic species (Scheme 1. 15).
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0\
qfr\"" XY,z
N Oy, | WN XY,z

62 63 64

Scheme 1.15 : X, Y, Z = CN, PhCHO, =0 etc. The titanium catalysed hydrocyanation forms an equilibrium
between the catalytically active bimetallic and monometallic structures 63 and 64 respectively. With the
Vanadium catalysed reaction, the equilibrium lies towards the monometallic species, thereby generating a

more enantioselective catalyst.

. With all the hydrocyanations discussed so far, the source of the cyanide
nucleophile has been trimethylsilyl cyanide. Hydrogen cyanide is less used
because it is, to a certain extent, able to catalyse the addition non-
enantioselectively’* and also hydrogen cyanide is highly toxic. Nevertheless, it has
been used successfully in the enantioselective hydrocyanation in conjunction with
the cyclic dipeptide class of ligands.

These cyclic dipeptides were first used by Inoue and co-workers who were
attempting to mimic the activity of the enzyme oxynitrilase with ligand 65 now
known as the ‘Inoue catalyst’.”’ They reported that using this cyclic dipeptide
gave a 97% yield and a 97% enantiomeric excess of (R)-54 (Scheme 1.16).

36-39

Subsequent studies by this group™ ™~ showed that optimally, the reaction should be

carried out at —20 °C in toluene.

0] OH H H
R atled
N“~o N

H

17 54 65

Scheme 1.16 : Reagents : i) HCN, ligand (2 mol%), toluene, -20 °C
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Although, the nature of the catalysis is unknown, it is thought that the
catalytic species involved is an oligomer of 65.*° Lipton tested this theory by
adding a methyl group to one or other of the nitrogen atoms of 6S, thereby
destroying the ability of the molecule to form a hydrogen-bonded network and
forcing it to form one of several dimeric species (figure 1.5 shows the possible

dimeric formations).

68

Figure 1.5 : The possible dimeric structures formed by mono-methylation of one or other of the amide

residues in 65.

In contrast to ligand 65, ligands 67 and 68 perform very poorly giving, at
best, <3% and 12% enantioselectivities respectively. Ligand 66, a 1:1 mixture of
the two methylated products also performed poorly and gave an enantiomeric
excess of less than 3%. This study showed that the dimeric structures were not
responsible for catalysis and that a polymer formed by 65 was (although discrete
oligomeric structures cannot be ruled out). In order to preserve this polymeric
framework, it is essential to have two secondary amides which should (for

enantioselective purposes) be close to a stereogenic centre.
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Subsequent ligands have generally been analogues of Inoue’s catalyst such
as ligand 69, synthesised by Kellogg and co-workers who obtained (R)-54 in a
94% enantiomeric excess after 25% conversion, although extended reaction times

led to a decrease in enantioselectivity.*!

o N i
AL LT
NS0
Me ©
69

Kellogg also proposes that the secondary amide is required to allow

hydrogen bonding with the aldehyde as shown in figure 1.6.

Figure 1.6 : Proposed cyanide addition using 69.
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1.4 The enantioselective Michael addition

The conjugate addition of a nucleophile to an a,B-unsaturated acceptor
substituted compound is a well-known method of carbon-carbon bond
formation.* This reaction is of particular interest because, generally, a new
stereogenic centre is formed (Scheme 1.17). If the absolute stereochemistry of this
chiral centre can be controlled, this gives the asymmetric chemist a powerful

synthetic tool.

70 71

Scheme 1.17 : The 1,4 conjugate addition of a nucleophile to an acceptor (in this case carbonyl) substituted
double bond.

There are several methods to promote the enantioselectivity of this
reaction. Firstly, if the acceptor substituted double bond is chiral, the addition of
the nucleophile will itself be enantioselective as long as the initial stereogenic
centre is proximal to it. Instances of this are rare, however, and the magnitude and
direction of the diastereoselectivities obtained are less than predictable.

The use of the Evans’ auxiliary has, again, proved popular (Scheme
1.18)." However, despite the high enantioselectivities that can be achieved with
this method, it requires stoichiometric amounts of auxiliary as well as the need for
chemical cleavage of the auxiliary on completion of the conjugate addition.

Furthermore, the high substrate specificity also limits this reaction.

o 0 0 0 0
O&J\/W — OJ\N ———>MeO
0Bn \_(OBnMe 0 Me o
73 74

72
Scheme 1.18 : i) TiCl,, EtNPr,, CH,=CH-COEt. The Evans’ auxiliary gives good enantioselectivities but

requires a further chemical step to cleave it from the substrate.
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Over the past years the focus has been on the development of methods that
require only catalytic amounts of a chiral ligand. Such reactions are generally
promoted by a metallic centre which is also present in catalytic quantities. It is the

catalytic asymmetric processes that are discussed within this section.

1.4.1 Enantiopure crown ethers in the asymmetric Michael addition

The ability of chiral crown to contain an alkali metal and to host large
substrates has made them ideal as a platform for asymmetric processes. Initially,

- crown ethers were used successfully as chiral recognition agents. A good example
of this was shown by Cram in the separation of the enantiomers of the

methylphenylglycinate ammonium ion 76 using chiral crown ether 75 (Scheme

1.19).4
:bod :

+
NH,
OMe 75 OMe
o) o

(R)-76 ($)-76

Scheme 1.19 : The resolution of 76 using the chiral ether 75 gives a 27% enantiomeric excess in favour of the

{(R)-enantiomer, thus displaying the chiral recognition abilities of this chiral crown.

The enantioselective properties of chiral crown ethers were soon put to use
in asymmetric reactions and nonec more so than the Michael addition. Koga
synthesised a range of enantiopure crown ethers 80 - 84 to facilitate the
asymmetric conjugate addition of methyl phenyl acetate to methyl acrylate
(Scheme 1.20) with varying success (Table 1.8).%
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O._OMe
OMe i OMe
. /\r(OMe 1
0] o) o
77 78 79

Scheme 1.20 : Reagents : i) chiral crown ether 80 - 84, KOrBu, toluene, -78 °C.

C % 50
G ok L X

R

0 0" "R R” O 07 "R
o/ o
80;R=CH, 83:R=CH,

81 : R = CH,0CH, 84 : R = CH,0CH,Ph

82 : R = CH,0CH,Ph

Ligand Yield, % E.e..% Config.
80 95 79 S
81 97 48 S
82 98 74 S
83 89 56 R
84 91 56 R

Table 1.8 : Simple crown ethers in the enantioselective Michael addition

Unfortunately, these processes proceed with only moderate
enantioselectivities in most cases (table 1.8). One of the most recent examples of a
crown ether comes from Toke and co-workers*® who in 1995 performed the same
reaction using ligand 85 to get an enantioselectivity of 84% in favour of the (S)-
enantiomer. In real terms that is an increase of 5% e.e over 6 years.

Other types of macrocycle have also been used; the use of smaller
macrocycles has been demonstrated by Dehmlow and co-workers*’ (86) and also
by Toke* (87). In these cases, optimal conditions were obtained when an alkali
metal with a smaller atomic radius than potassium was used. Dehmlow
demonstrated this when in the very same reaction, a higher enantiomeric excess
(38%, S) was obtained using sodium fert-butoxide with his catalyst rather than

using potassium tert-butoxide (3%, .S).
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Toke also used sodium tert-butoxide because of the smaller size of the
macrocycle, but in this case the reaction was between 2-nitropropane and chalcone
(Scheme 1.21). A five to one ratio of alkali metal to ligand was still needed in
order to ‘force’ the sodium into the chiral pocket. 89 was obtained in an 84%

enantiomeric excess in favour of the (S)-enantiomer.

N

o e

Scheme 1.21 : Reagents : i) Me,CHNO,, BuONa (35 mol%), 87 (7 mol%)
1.4.2 Other Michael additions using alkali metal catalysed systems

The successful inclusion of nitrogen into the macrocycle is indicative of
the use of non-macrocyclic compounds such as -amino ether 90* and (S)-proline

%0 in the asymmetric Michael addition. Ligand 90, synthesised by

derivative 91
Tomioka catalyses the reaction of thiophenols with a,B-unsaturated esters in the

presence of catalytic amounts of the corresponding /ithium thiophenolate (Scheme
1.22). "



Chapter 1 Introduction 26

U; OMe

IO Q‘cosz
H

Ph H NMe,

Ph

90 91

i Rjs/\COZMe

Me,Si
92a:R=Me (5)-92a:97% e.e
92b: R=Et (5)-92b : 93% e.e
92¢ :R=1Bu (5)-92¢ : 94% e.e
92d : R =PhCH, (8)-92d : 95% e.e

Scheme 1.22 : Reagents : i) 2-Me;SiC¢H,SH, 2-Me;SiC¢H,SLi (8 mol%), 90 (10 mol%)

In this case it is lithium which is used as the alkali metal. Presumably this
is because of its smaller size which allows the co-ordinated substrates to be closer
to the asymmetric centre, thereby promoting higher enantioselectivities than if it
were co-ordinated to an alkali metal with a larger atomic radius which is then
further away from the source of chiral induction.

The proline system, devised by Yagaguchi and co-workers*”’ was
moderately successful in the conjugate addition of di-fers-butylmalonate to a range

of cyclic and non-cyclic enones (Scheme 1.23).

0 o) 0
i Q OtBu
( ( O
-_— \ —tBuQ 0
CH(CO,tBu), NCsH

" nCH,;
93:n=1 (R)-94 :65%e.e. 99 100 : 84%e.c
9S:n=2 (R)-96 : 74% e.e.
97 :n=10 (5)-98 : 82% e.e.

Scheme 1.23 : Enantioslective Michael additions using rubidium salt 91. Reagents : i)
H,C(CO,fBu),, CsF (20 mol%), 91 (20 mol%).
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The lithium and rubidium systems both show that a large cation-binding
macrocycle is not totally necessary. However, both these structurally simple
phase-transfer catalysts are exceptional and most tend to deliver very modest

enantiomeric excesses (as discussed with ligands 80 - 84).42'5 !

1.4.3 Enantiopure $-aminoalcohols in the asymmetric Michael addition

Perhaps the most promising advances in the catalytic asymmetric Michael
‘addition have come from the use of B-aminoalcohols. These have, again, proved
| to be a very efficient and highly enantioselective class of ligand. Initial reports

were made by Soai and co-workers who wused 2-(N,N-dibutylamino)-1-
phenylpropan-1-ol (V,N-dibutylnorephedrine) in the conjugate addition of
dimethyl and diethylzinc to a range of enones (Scheme 1.24, Table 1.9).%2

0 i R" O
Mei’,NBuz e —— A
Ph”z OH
H 103a : R'=Ph, R"=Ph, R™=Me
102a : R'=Ph,R"=Ph 103b : R'=Ph, R"=Ph, R"=Et
101 102b : R'=Ph, R" = Me 103c : R'=Ph, R"=Me, R"=Et
102¢ : R'=Me, R"=Ph 103d : R'=Me, R"=Ph, R"=Et

Scheme 1.24 : Reagents : i) ligand 101 + Ni(acac), (1.2:1), ZnR’*’,, toluene, -30 °C.

Enone R*” Molarratio  Product Yield,% e.e. % Config.
(catalyst :
enone)
102a Me 0.60 103a 72 40 R
102a Et 0.50 103b 75 45 R
102a Et 0.06 103b 94 20 R
102a Et 0.06 103b 89 22 S
102b Et 0.60 103¢ 63 12 R
102¢ Et 0.50 103d 78 44 R

Table 1.9 : Using less catalyst appears to give an increased yield, at the expense of enantiomeric excess.

There are several important points to make about the conditions of this
reaction. Firstly, the transition metal involved in this example, and indeed with
most of the B-aminoalcohol ligands is nickel, which is obtained from nickel
acetonylacetonate. It is necessary to form the nickel-ligand adduct completely

before any attempt is made at the conjugate addition, as nickel acetonylacetonate
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alone catalyses the reaction non-enantioselectively. This is the reason for the
second condition which is the use of a low (-30 °C) temperature. This helps
prevent the competing non-enantioselective process, since the energetics are no
longer favoured. Despite the apparently modest enantioselectivities obtained by
Soai, this was one of the first publications to obtain any catalytic chiral induction.

Bolm™ obtained an 86% e.e of ethyl chalcone, using 30 mol% of 104 in
the conjugate addition of chalcone with diethylzinc (Scheme 1.25). Bolm also
demonstrated the non-linear relationship of the enantiopurity of this ligand with
the enantiopurity of the ethyl chalcone product. This is due to a similar scenario to
that of the DAIB complexes discussed earlier — the aggregation of the two
different enantiomers of 104 around the nickel centre produce a stable,
catalytically inactive complex. This allows the remaining enantiomer to react in

the normal fashion (figure 1.7).

m
Ph™ °N
\ ——
OH Ph/\)kph i Ph Ph

104 102a 103b

Scheme 1.25 : Reagents : i) Ni(acac),, 1 mol% ii) ZnEt,. pyridine derivative 104 gave an 86% e.e of 103b

Ph~ | Ph_~ l
9’11,," O\ . N &~ 0\ 3 N ~
INI\ lNi\
N O N O
Ph Ph
105 106

Figure 1.7 : The complexion of the two different enantiomers of 104 gives rise to catalytically inactive

complcx 106.

Much of the pioneering work in this field has been carried out by

Feringa®**

who took a variety of aminoalcohols and used them in the addition of
diethylzinc to chalcone. It was found that (-)-cis-exo-N,N-dimethyl-3-
aminoisoborneol ((-)-DAIB) 108 was the most effective in promoting this reaction

(see table 1.10).
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OO0 —~U T
102a 103b

Scheme 1.26 : Reagents : i) Ni(acac), 7 mol%, ligand 108 16 mol%, ZnEt,, acctonitrilc, hexane. ii) HCL, H,O

Q»NF %NM%
| OH N" OH
OH I
107 108 109
OMe OO HN OH
HN  OH '

SO,CF
SO,R 27
110 111:R =CF, 113
112 : R = C;H,CH,

Ligand Yield of 103b, % Ee., % Config.
107 92 8 R
108 | 94 59 R
109 94 25 R
110 89 5 S
111 96 2 R
112 98 2 R
113 97 6 R

Table 1.10 : Showing a range of f-nitrogen oxygen ligands for the asymmetric Michael addition.

Feringa focused on the study of ligand 108, since it was, at this point, the
most successful. Several aspects of this reaction were studied. Firstly, the
composition of the catalyst was investigated. Various ratios of nickel salt to ligand
were examined and it was found that the most favourable combination used nickel

acetonylacetonate in 1 mol% and ligand in 16 mol% (table 1.11).
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Mol% 108 Ni salt, mol% Yield of 103b, E.e.,% Config.
%
16 8 82 55 R
16 7 94 59 R
16 1 69 72 R
2 04 69 31 R
0.2 0.04 71 6 R

Table 1.11 : Showing the effect of the ratio of nickel salt and ligand on enantioselectivity.

Lower amounts of nickel salt were shown to improve the enantioselectivity
of the reaction (although the conversion was much lower). From this, Feringa
- proposes that the asymmetric induction is dependent on the equilibrium between
the chiral nickel complex (NilL,*) and the catalytically acitve (non-
enantioselective) nickel species (Ni(acac), and Ni(acac)L*). However, despite
this, Feringa used the ratio of 16 : 7 (ligand : nickel salt) in subsequent studies,
presumably because the compromise in yield was not desirable for these
investigations.

Variations in temperature and solvent were also studied and it was found
that a decrease in the temperature had, in general, no effect on enantioselectivity.
However, in combination with a change in solvent to propionitrile, an
enantiomeric excess of 84% (S) was obtained.

Perhaps most interesting, is the observation that enantioselectivity
decreases with reaction time. After 10 minutes, the enantiomeric excess was found
to be 77%, but after 90 minutes, despite a near quantitative yield, it was only 68%.
This is explained by the gradual formation of a catalytic, non-enantioselective
nickel species over time. This phenomenon has also been reported by Bolm and
co-workers™ who proposed a mechanism for the entire catalytic cycle (Scheme
1.27). There is no known mechanism for this process and various mechanistic
pathways can be argued (Scheme 1.28)

Bolm suggested that initially diethylzinc reduces Ni(acac), to the
catalytically active nickel(I) species. Electron transfer from this to the substrate
gives a ketyl radical along with the resulting nickel(I) species. Transmetalation
followed by reductive elimination produces the zinc enolate and the regenerated
catalytically active nickel(I) species.”’

Scheme 1.28 shows a second mechanism that could be proposed and

correlates quite closely with the Bolm mechanism. Again, there is the conversion
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of nickel(Il) to nickel(I) and then subsequent formation of the ketyl radical 116
which reacts to form the nickel(IIT) species 117. Asymmetric alkyl transfer, from
the zinc of the bimetallic complex 117, regenerates the nickel(l) species which can

then re-enter the catalytic cycle.

Et, _ZnEt

o] Nil o Nit Ni" O zngt Ni" O
- 2
—— / —_——
o, e A, o L

Scheme 1.27 : Bolm’s proposed mechanism for the nickel catalysed Michael addition
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Scheme 1.28 : A further proposed mechanism for Nickel catalysed Michael addition.*®

Bolm suggests that the decrease in enantioselectivity over extended
reaction times is a result of the gradual generation of various reactive nickel(I)
species during the redox process, some of which produce racemic material. In
other words, the integrity of the nickel bound chiral ligand is compromised over

long reaction periods.*®
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Several tridentate B-aminoalcohols have also been used to varying success
in this reaction. Waldmann and co-workers used ligand 120 in the same conjugate
addition to obtain ethyl chalcone in an 85% e.e.* Feringa obtained 103b in a yield
of 83% and an enantiomeric excess of 83% using cis-endo-3-aminoborneol

derived ligand 121 in 16 mol% and 7 mol% of nickel salt).>

AL K
/ NIMe Oﬁ/\\@

Ph

120 121

1.4.4 C;-symmetric ligands in the catalytic enantioselective Michael addition

There are few examples of C,-symmetric ligands in this process. Again, it
was Feringa® who tried ligands 122 and 123 in the conjugate addition of
diethylzinc to chalcone (Table 1.12).

N/
OH Th N—
HO
122:n=1
123 :n=2
Ligand (mol%) Yield of 103b, % Ee. % Config.

122 72 21 S
123 88 69 S

Table 1.12 : C,-symmetric derived B-aminoalcohols in the enantioselective Michael addition.

It is clear that the enantioselectivities are lower than they are for the
monomeric ligand 108 reported earlier. Feringa suggests that the reason for this is
that different aggregates are formed in solution with these ligands, particularly

with ligand 122. Furthermore, the alkyl bridge may be prohibiting trans co-
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ordination around the metallic centre which results in a decreased
enantioselectivity.”

Bolm also adapted his pyridine catalyst 104 to give C,-symmetric ligand
1243 Again the enantioselectivities of ethyl chalcone obtained were much less
than for ligand 104 under the same conditions of 30 mol% ligand and 1 mol%

nickel salt (72% compared with 86%).

124 (55% yield, 72% e.e)

Other C,-symmetric ligands have focused on other types of Michael
addition. Kanemasa used ligand 125 in the addition of thiophenol 126 to 127
obtaining Michael adduct 128 in a 97% enantiomeric excess, favouring the (S)-

enantiomer (Scheme 1.29).%° Nickel is, again, the co-ordinating metallic centre.

0 / 0o
T {3
Ph
125
é ¢ \( S ’/\
126 127 (85128 :97% e.e

Scheme 1.29 : Reagents : i) Ni(Cl0O,),.6H,O (10 mol%), ligand 125 (10 mol%), 1,8-
diaminonapthalene (10 mol%).

Christoffers used (1R,2R)-(-)-trans-diaminocyclohexane 129 in the
addition of cyclic B-keto ester 130 to methylvinyl ketone to obtain (R)-131 in a

91% enantiomeric excess, although in a low 37% yield (Scheme 1.30).°!
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0 0
Y NH, ﬁ CO,R i CO,R
:HI:NH2
0
129 130 (R)-131

Scheme 1.30 ; Reagents : i) Methylvinyl ketone, Ni(OAc),.4H,0 (5 mol%), 129 (37.5 mol%)

Pfaltz used ligand 132 in the addition of dialkyl malonates to chalcone

(Scheme 1.31).%% The best enantioselectivities were obtained using di-tert-butyl
‘. malonate as a substrate (table 1.13) although the configuration of the products has
not been discerned. In this case, the transition metal used is cobalt, obtained from
cobalt acetate. This work shows that it is possible for amides to catalyse the

conjugate addition.

(@) @]
(0]
NN o J-OR
(0]
=N N= . RO
MY OO0 —O0TC
132 133 134a : R=Et
135b: R =iPr
136¢ : R=1Bu

Scheme 1.31 : Reagents : i) CH,(CO,R), (see table below), Co(OAc), (4 mol%), ligand (6 mol%),
(/Pr),NEt, EtOH, 15 h, 20 °C

Substrate Yield, % Ee., %
CHz(CO;Et), 17 75
CH,(CO,iPr), 12 82
CH,(CO,/Bu), 13 89

Table 1.13 ; Pfaltz shows that the bulkier malonate substrate gives better enantioselectivities

although the yields are very low.

Unfortunately, the high enantioselectivities are compromised by the low
yields. Although Pfaltz does not reason why, it may just be that the ligand is too
bulky for the substrate to approach effectively, which is why the bulkier malonate

ester gives a lower yield (despite the higher enantiomeric excess).
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1.5 Asymmetric epoxidations

The asymmetric epoxidation of alkenes is an important reaction in
asymmetric synthesis. This is mainly due to the strain that is exhibited by
epoxides, making them highly reactive towards nucleophiles (Scheme 1.32).

(8]} 0o Nu”~ HQ Nu

Rc Rl ' E
\[/\R" —_—— \}>\R" —_— R%R"

Rm R™ Rm

- Scheme 1.32 : The asymmetric epoxidation is a useful tool in the synthesis of enantiopure target molecules.
1.5.1 The Katsuki-Sharpless asymmetric epoxidation

One of the most popular methods of asymmetric epoxidation is the
Katsuki-Sharpless epoxidation.® This titanium catalysed system is rendered chiral
by the use of various tartrate esters as chiral ligands. This along with zert-butyl
hydroperoxide and the allylic alcohol, co-ordinate around the metallic centre

which is thought to be organised in a bimetallic system (Scheme 1.33 and 1.34).

i R’ Rll
(0]
R| Rl' R"c OH
|
OH
R"' ii R| Rll
—_— A
<0 OH
Rlll

Scheme 1.33 ; Reagents : i) Ti(OiPr),, -BuOOH, D-(-)diethy! tartrate, dichloromethane, -20 °C. ii) Ti(OiPr),,
t-BuOOH, L-(+)diethyl tartrate, dichloromethane, -20 °C.

Sharpless proposed that initially the C,-symmetric dimeric structure 137 is
formed by titanium isopropoxide and the tartrate. Two isopropoxide ligands are
replaced by one molecule of peroxide and one molecule of allylic alcohol to give
structure 138. The peroxide is then activated by the titanium to give complex 139,
whereupon oxygen transfer occurs. Enantioselectivity results from the allylic
carbon’s avoidance of the tartrate and in this case, this results in the allylic alcohol

occupying a position cis to the reactive peroxide oxygen. |
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ligand exchange

+ allylic alcohol
. +tBHP
lPrO,,'l -2 HOiPr
|7
/Z: 0
RO 138
E::l;r)l:)c;c‘;ezl cohol Peroxide activation
- tBHP
+2 HOiPr R R
iPrO, IPro,,, R
o 7 ———— O/
Oxygen
transfer —~
rRO—& RO
tBu
140 139

Scheme 1.34 : Proposed model of the Katsuki-Sharpless epoxidation.®

This is one of the most well used epoxidations in asymmetric synthesis.
For example Sharpless and co-workers® synthesised the B-blocker (S)-(-)-
propranolol 141 in an enantiomeric excess >90% (Scheme 1.35). The opposite
enantiomer of this compound does not have the same biological properties, again

indicating the importance of stereoselective synthesis.

There are very few examples of the Sharpless asymmetric epoxidation that
use any chiral control other than a tartrate ester. However, one example of this has
been shown by Marson and Melling who used vicinal dihydroxy ligand 142 and
vicinal-difluoride ligands 143a - ¢ under exactly the same conditions but without

the tartrate (table 1.14).%°
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. o} 0N\
1
L/OH B E)/OTS"' ———’
O/\/\N

141
Scheme 1.35 : Reagents : i) Ti(OiPr), (5 mol%), (-)-diethy] tartrate (6 mol%), 3A molecular sieves, t-butyl

hydropcroxide. ii) TsCl, NEt;. iii) iPr,NH, McOH.

JOH
O~ L1
OH ‘

F

142 143a : R =n-CgH,,
143b : R = cyclohexyl

Ligand T, °C t, hrs Yield, % Ee., % Config.

used

142 20t0-10 0.67 97 25 S.5)
143a -20t0 20 1 68 50 (R.R)
143a 0 1 74 51 (RR)
143a -20t0 20 12 90 66 (R,R)
143a -80 3 23 27 (RR)
143b -20 to 20 12 87 10 (R,R)

Table 1.14 : Marson demonstrates the use of various chiral ligands in the Sharpless epoxidation as a
substitute for the tartrate ester.

AN sy
R F R F
Updem N5
Ti\

T
% s ’ N

O—‘—O 0 OR
OR )R— OR

si-face attack re-face attack

Marson proposes that the si-faced attack is favoured because the NR group
is not eclipsing the oxirane oxygen atoms, thus meaning it is more favoured

energetically than the model depicting re-faced attack.
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1.5.2 Asymmetric oxone® reaction

In recent years a new and powerful member of the peroxide group has
become increasingly used; the dioxirane. The most useful dioxiranes in synthesis
have been 144°® and 145° both of which are generated from potassium
monopersulfate (oxone®) and the parent ketone (Scheme 1.37).

0 i 0—0

—_—T
Me/U\R Me/<R

144 : R = CH,, dimethyldioxirane
145 : R = CF,;, methyltrifluoromethydioxirane

Scheme 1.37 : Reagents : i) potassium monopersulfate (oxone®)

These powerful oxidants are not just restricted to the epoxidation of
alkenes, but also processes like the conversion of chloride to hypochlorite,
pyridine to pyridine N-oxide and sulfides to sulfoxides. Furthermore, the

oxyfunctionalisation of unactivated C-H bonds with 145 is also well known

(Scheme 1.38).6®
v
O -

Ph

ii Fh
Me““')\ H — Me'““)\OH
Et Et

Scheme 1.38 : Selected examples of the oxyfunctionalisation of unactivated C-H bonds. Reagents : i) 145, -
20 °C, 70 mins. it) 145, -20 °C, 18 mins. iii) 145, -20°C, 1 h.

However, it is the asymmetric epoxidation which is of most interest for
two reasons. Firstly, it is a non-metal catalyst. This is advantageous because it is
cheaper than catalysts requiring metals. Secondly, the substrate does not require a
functional group as is required in the Katsuki-Sharpless system. This means that a

wide range of unfunctionalised alkenes can be epoxidised whether they are
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electron rich or electron poor. The way in which asymmetric induction is achieved
is through the use of a chiral ketone (Scheme 1.39). Since the ketone is

regenerated, theoretically only a catalytic amount is required.

_ Scheme 1.39 : An asymmetric epoxidation using dioxiranes.

Several such chiral dioxiranes have been synthesised by Curci and co-
workers®®, such as 146 and 147 where enantiomeric excesses of 6-13% were
obtained using equimolar amounts of substrate and ligand. Curci also synthesised
fluorinated ketones 148 and 149 which improved the enantiomeric excesses to 15-

20%.7%7 1t is thought that the electron withdrawing effect of the fluorines makes

oxone® addition to the ketone faster and the resulting dioxiranes are better

electrophiles.”""> "
Me O /lH/ O &CFs
H PhOMe
Ph o
146 147 148 149

These early chiral ketones are interesting, but the enantioselectivities are
somewhat poor. Yang has obtained more impressive enantiomeric using C,-
symmetric ligand 150.”* Yang used this catalyst to effect the epoxidation of alkene
151 in an 82% yield and an 87% enantiomeric excess (favouring the (-)-(S,S)

enantiomer, Scheme 1.40).
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Ph\ ;, O

Ph

151 152

Scheme 1.40 : Reagents - i) ligand 150 (10 mol%), Oxone®, MeCN/H,0

This is the best enantioselectivity by a C;-symmetric ligands under these
. conditions to date.”® One set of interesting C,-ligands are those devised by
Denmark and co-workers””> 153 — 155. Denmark first synthesised ligand 153 and
discovered that it (non-enantioselectively) promotes epoxidation of various
alkenes (table 1.15).

H\ /
E} - Phl Do
/ \  2(0Tf) / \  2(0Tf) / N\ 2(0Tf)
153 154 155
Entry alkene time, h yield, %

1 (£)-2-methylstyrene 8 83
2 (Z)-2-methylstyrene 6 78
3 indene 6 85
4 1-phenylcyclohexane 4 03
5 (&£)-cinnamyl alcohol 11 94
6 geraniol 6 90
7 geraniol 2.4 89
8 1-octene 11 74
9 stilbene 22 33

Table 1.15 : The C,-symmetric bisammonium ligand 153 promotes epoxidation.

Denmark then attempted the use of chiral substrates 154 and 155 but found
that in the epoxidation of (E)-2-methylstyrene, the former only gave an
enantiomeric excess of 9% (the configuration is not given) and the latter was
totally unreactive.”

One further C,-symmetric ligand that is of interest is 156, made by Marson
and Khan”® This imide ligand is unusual in that it is not a ketone. (E)-2-

methylstyrene was epoxidised in a 69% yield. Unfortﬁnately no enantiomeric
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excess was obtained and this is probably due to the fact that it is one of the ester
carbonyls which is forming the oxirane, which is too remote from a stereogenic

centre to obtain any chiral induction.

AcO, ,OAc
0 N" "0
Ph
156

One slight drawback of the asymmetric oxone® epoxidation is the
competing reaction of the irreversible consumption of the ketone by Baeyer-
Villiger oxidation (Scheme 1.41). Fortunately, this can be minimised by control of

the pH (usually between pH 7.5 and 8), although not completely.

' 0
0 B-V

? 1
R.)]\R., + RSOy ——— R""/\O'O‘SO:,H - - 9w
Rn R'

Scheme 1.41 : The competing Baeyer-Villiger oxidation can be minimised by strict pH control.

1.5.3 The Julia-Colonna asymmetric epoxidation

The use of polymeric a-amino acids in the asymmetric epoxidation was
first reported by Julia in the epoxidation of chalcone using poly-L-alanine
(Scheme 1.42).77

o oo

Scheme 1.42 : Reagents : i) poly-L-alanine, toluene, H,0,, NaOH

Polymeric a-amino acids are synthesised by the polymerisation of the N-
carboxyanhydride (NCA) amino acid derivatives 158.”® This method involves

nucleophilic attack on 158 followed by loss of carbon dioxide which gives rise to
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further polymerisations (Scheme 1.43).” The amount of polymersiation is roughly

related to the mole percentage of the initiating nucleophile used.
O

Q 0
,U\ ) HNJL HN )Lo . ‘PH 0]

¥ OH — = H A H j)H\OH
= R (0 R)C:f'OH R

o

158 159

Scheme 1.43 ; The polymerisation of NCA

Although the exact mechanism of this epoxidation is not really known, what is
clear is that hydrogen bonding between the chalcone and the catalyst is very
important. When the reaction is performed in methanol, only racemic product is
obtained. Furthermore, the use of poly-L-proline which has no NH bonds gives
poor conversions and enantiomeric excesses.”” Most recent work in this area
addresses these problems by using aprotic solvents such as THF or toluene and,
most commonly, poly-L-leucine.

Roberts and Chen synthesised epoxy-ketone 161 from enone 160 using
poly-L-leucine, THF and UHP (urea-hydrogen peroxide) in their total synthesis of
(+)-goniotriol 162 (Scheme 1.44).% Roberts obtained 161 in a 95% yield and an

enantiomeric excess greater than 99%.
HO
0]
i Ne) 0 6 steps OH N
PR N0 — NN 0 ———
| ) | ) Ph” ~Y72"07 0

oH

160 161 162

Scheme 1.44 : Reagents : i) urea-hydrogen peroxide (UHP), poly-L-leucine, diazabicycloundecene (DBU),
tetrahydrofuran, 20 °C, 20 mins.
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1.6 Asymmetric lithium mediated reaction
1.6.1 Asymmetric desymmetrisation of achiral epoxides by deprotonation

The enantioselective deprotonation of achiral epoxides in the synthesis of
non-racemic allylic alcohols has received much interest over the years.®' The first
non-enzymic transformation of this type was conducted by Whitesell and Felman
who effected the conversion of cyclohexene oxide 164 to (R)-2-cyclohexene-1-ol
165 using a range of homochiral mono- and di- lithium amides.** However,
 enantiomeric excesses were obtained in no more than 36%. One of the first highly
selective chiral lithium amides made was proline derived ligand 163, made by
Asami and co-workers.®*> They obtained 165 in a 77% yield and a 79%

enantiomeric excess (Scheme 1.45).

ap= O,

163 164 165

Scheme 1.45. Reagent : i) Chiral lithium amide 163. The enantioselective deprotonation of cyclohexene
oxide 164.

Deprotonation occurs by B-elimination to give the allylic alcohol. It is
thought that the reaction pathway occurs via the 1:1 epoxide-base complex 166,
where the base co-ordinates to a lone pair of electrons on the epoxide oxygen.
This gives rise to the syn B-hydrogen removal (figure 1.8a).%! From this, Asami
reasoned that the enantioselectivities of ligand 163 were obtained because of the
formation of the preferential, less sterically hindered complex 167 as opposed to
the disfavoured cyclohexane ring : amide interaction of 168 (figure 1.8b and
o). 381

One problem that occurs with this ligand is that because proline is only
readily available in the (S)-configuration, only the (S)-allylic alcohol is obtainable.
However, Asami overcomes this by using lithium amide 169, where enlargement
of the R group gives rise to a reversal in enantioselectivity (Scheme 1.46, cf pp.
119- 120).%
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R— N-Li H N-Li H)H
ll‘) ’ \ H’ ‘O
H(0 H O
166 167 168

Figure 1.8 (a) B-hydride syn-climination transitional state (b) favoured interaction of achiral epoxide and
163. (c) disfavourcd intcraction of achiral cpoxidc and 163.

Li
S i
"o (o — ()
R “ OH
169 164 165

Scheme 146 : Reagemts : i) chiral lithium amide 169 (cy = cyclohexyl),
hexamethylphosphoramide, THF, 25 °C.

Chiral lithium amide 169 gave (£)-165 in a 67% enantiomeric excess when
R was ethyl. However, increasing the size of the R group led to a reversal in
enantioselectivity and the production of mainly (S)-165. Asami reasoned that in
the case of a small R group, the epoxide orientates itself as in complex 170 where
interactions between the R group and the epoxide are minimal. A large R group
increases the steric hindrance between these two and the epoxide then favours to
approach the lithium amide from the opposite direction to the R group (as in
complex 171). In both these complexes, the epoxide orientates itself to minimise

the interaction between itself and the pyrrolidine moiety.

170 171

HMPA (or sometimes the less toxic DBU) is added to prevent the

aggregation of complexes around lithium, which is normally tetracoordinate. This
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generally increases the enantioselectivity. Singh and co-workers attempted to
prevent this aggregation (and hence gain improved enantioselectivities) by the use
of tridentate ligand 172 in the deprotonation of cyclohexene oxide.®
Unfortunately this did not give a very high enantiomeric excess; only 20% (S)-165
and a low yield of 40% (Scheme 1.47).

/—Ph
@”N |
) O - O
N<-Ph OH
Ph
172 164 165

Scheme 1.47 : Reagents : i) Chiral lithium amide 172, THF, 0°Ct020°C, 16 h

C,-symmetric lithium amide bases have been used by Alexakis and co-
workers in the desymmetrisation of cyclohexene oxide and cyclooctene oxide.®
They used C,-symmetric diamine 173 to obtain (R)-165 in a 76% enantiomeric
excess and (R)-175 in an 97% enantiomeric excess (Scheme 1.48).

(\ OMe
H NLi i OH
Je O—
H NLi
K/OMe
173 174 175

Scheme 1.48 : Reagents : i) Chiral lithium amide (R,R)-173, THF, 0 °C 0 20 °C

Other dilithiated complexes have also been used for the enantioselective
desymmetrisation. Most notably, lithiated norephedrine 176 has been used by
Murphy in the rearrangement of epoxide cis-177.% Hodgson has also used the
same ligand to effect the rearrangement of unprotected epoxide cis-179 (Scheme
1.49).87 Murphy obtained 178 in an enantiomeric excess of 80% and Hodgson

obtained 180 in an enantiomeric excess of greater than 94%.
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Me
H\N,l\T,Ph
Li Ol
176
' i OH
oo —— w0 T
177 178

~ o =,
HO HO OH
179 180

Scheme 1.49 : Reagents : 1) (1R,2S)-176, THF-benezene. 0 °C to 20 °C. Desymmetrisation has been shown to
work with a bis-lithiated norephedrine.

1.6.2 Enantioselective deprotonation of ketones

The desymmetrisation of achiral cyclohexanones was first recognised by
Koga® and Simpkins.® They showed that there was a stereoelectronic preference
for removal of the axial protons. A chiral base would be able to discriminate

between the removal of these protons to give one preferred enantiomer (Scheme
1.50).%°

o OSiMe,
- f\ka i
/ H ’
protons —% H
differentiated

by chiral base

Scheme 1.50 : Reagent : i) Chiral lithium basc.

Koga has developed many ligand systems for this purpose, most revolving

around a 1,2-diamine backbone. Some of these are shown below.
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LINj/ 'N\( LiN Y

181 182 183

184 185 186

The performances of these ligands in the enantioselective deprotonation of

4-tert-butylcyclohexanone (Scheme 1.51) is shown below (table 1.16)

o) OSiMe,
)Ij\ i i
187 188

Scheme 1.51 : Reagents : i) chiral base, trimethylsilyl chloride, THF, -78 °C

Ligand HMPA (eq) Yield, % Ee.,% Config.
181 0 91 47 R
181 2.0 92 7 S
182 2.0 35 51 R
183 2.0 52 73 R
184 0 89 73 R
184 2.0 67 84 R
185 ng' 87 77 R
186 ng' 82 82 R

Table 1.16 Koga and co-workers have uscd scveral ligands in the cnantiosclective deprotonation of cyclic

ketones.t Not given,

Two  things were clear from  these results.  Firstly,
hexamethylphosphoramide (HMPA) improved the enantioselectivity considerably
by stabilising the enantiopure enolate and by ligation around lithium (again, this
prevents aggregation of complexes around lithium). Secondly, the use of bulky

tertiary amines also improved the enantioselectivity.
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Several other ligands synthesised by Koga demonstrated the usefulness of
having B-fluorine atoms with respect to nitrogen (187 — 190, table 1.17).”!

Ph Eh Eh e
; A A F ' F
A . Y XK
Li Li F Li F Li F
187 188 189 190
Ligand Yield of 188, % E.e. % Config.
187 55 41 S
188 61 43 S
189 66 59 S
190 98 89 S

Table 1.17 : Increasing the number of fluorine atoms beta to nitrogen improves enantiomeric excess.

Koga proposed that the reason for this is that if there is an electrostatic
interaction between fluorine and lithium, then ligand 190 with its three B-fluorine
atoms, would be more likely to hold a rigid structure. This falls in line with his
model where a five-membered chelate is formed, implying that the lone pair of the
nitrogen (used in the deprotonation) has a fixed orientation relative to the

sterically bulky groups (figure 1.9).

R3
R\ ?2 R4
St ()  L=HMPA
\& Moy XZRORNR;cto

Figure 1.9 : The chiral lithium amides made by Koga form a five membered chelate structure which fixes the
lone pair of the nitrogen. The bulkier the group on nitrogen, the higher the enantioselectivity. In the case of
fluorine ligands 188 — 189, the more fluorines there are, the more stable the five membered chelate due to

increased electrostatic interaction.



Chapter 2

Synthesis of ligands with two stereogenic centres derived

from 1,2-diaminocyclohexane
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2.1 Ligands with 1,2-vicinal stereogenic nitrogen atoms in asymmetric

synthesis

There are many examples of nitrogen containing ligands that have only
two stereogenic centres (see sections 1.3.4, 1.4 and 1.6). The most common source
of these ligands is (1R,2R)-(-)-trans-1,2-diaminocyclohexane. A familiar use of
this chiral backbone is the salen class of ligands, particularly the Jacobsen
epoxidation of unfunctionalised alkenes (Scheme 2.1). Epoxide 193 was produced
in an 84% vyield and in 92% e.e. °> The source of chiral induction within the
cyclohexane backbone is thought to be the axial protons which dictate the

orientation and approach of the substrate.”

H

|
N, O
Chiral source Mn_ Cl
\ lfi NI 0]
191

Me i Me
) — I
Ph Ph
192 193
Scheme 2.1 : Reagents : i) (1S5,25)-191, NaOCl, CH,Cl,, pH 11.3
Another asymmetric process that has utilised this vicinal di-imine

framework is the enantioselective Diels-Alder reaction. Evans and co-workers

used ligand 194 in the [4+2] cycloaddition of cyclopentadiene to 196 (Scheme
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2.2).>* Evans obtained an 83% yield of cycloadduct 197 in a ratio of (40:60,

exo.endo) and an endo enantiomeric excess of 85%.
Hl  C ?

0
N @ . e o Ph,?L
-/ N” O

194 195 196 197

Scheme 2.2 : Reagents : i) 194 10 mol%, Cu(OTf), 9 mol%, 20 °C, 20 h.

Enantiopure 1,2-sulfonamides have also been used extensively in
asymmétric synthesis. They have found applications in 1,2-additions (see page
16), Diels-Alder cycloadditions® and cyclopropanations.’® Takahashi and co-
workers used bis-sulfonamide 198 in the cyclopropanation of trans-cinnamyl

alcohol to obtain 200 in a 75% enantiomeric excess (Scheme 2.3).”*

$0,C,H,-0-NO,

% NH .
q Pha~_OH — = Ph _ OH
fw
S0,CH,-0-NO,
198 199 200

Scheme 2.3 : Reagents : i) 198 12 mol%, ZnEt,, CH,I,, hexane, -23 °C, 5.5 h.

Chiral 1,2-diamines have been used less often than sulfonamides in
asymmetric catalysis. A rare example is where (1R,2R)-(-)-trans-
diaminocyclohexane 129 was used in the enantioselective reduction of
acetophenone (Scheme 2.4).”” However, diamines have been used as chiral
auxiliaries in the enantioselective dihydroxylation and the source of asymmetric
induction is the proton alpha to the nitrogen atom on the ring as it is with all the

other examples (Scheme 2.5).%
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0o OH
: NH, i
I -
H NH

n I

2

129 201 202

Scheme 2.4 : Reagents : 129, [Rh(C¢H,0)Cl],, i-PrOH, 20 °C, KOH

S R e

203 204 205

Scheme 2.5 : Reagents : i) 203, OsQ,, toluene, -90 °C

Using stoichiometric amounts of 203, Hanessian and co-workers effected
the enantioselective dihydroxylation of trans-stilbene to give the vicinal dialcohol

205 in a 99% enantiomeric excess.

These examples show that the chiral induction of diaminocyclohexane
derivatives is very varied depending on the enantioselective process involved.
This chapter describes the synthesis of ligands that were made with no extra
stereogenicity other than that of the diaminocyclohexane unit. This would
determine the exact extent of chiral induction that this backbone was able to
produce on its own. Only synthesis is discussed in depth. The applications of each
ligand to asymmetric catalysis is not (see chapters 3-5), except where necessary.
However, the compound numbers within chapters 3-5 are consistent with those

within both this and the next synthetic chapters.
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2.2 Synthesis of simple secondary amides

A wide range of enantiomerically pure vicinal diamides was synthesised
from (1R 2R)-(-)-trans-diaminocyclohexane 129. It was necessary, however, to
resolve the racemic diamine into its enantiomers using L-(+)-tartaric acid,

according to a literature procedure (Scheme 2.6).%

H i NH, 0,05 ) 4 NH,
n
q q i q
26A! i
) NH, 0,07 OH TNk,
206 207 129

Scheme 2.6 : Reagents : i) L-(+)-Tartaric acid, H,0, 90 °C, 1 h ii) Recrystallisation from H,O iii) ¢. KOH,
ether

Initial attempts involved the conversion of the tartrate salt into the
hydrochloride salt. This was then converted into the amine by basification with
saturated aqueous sodium hydroxide.””® However, the amine can be obtained
directly from the tartrate salt by hydrolysis with very concentrated aqueous
potassium hydroxide.?’

Initial attempts gave 207 in a yield of 19%, but after careful repetition,
yields of 38% of the optically pure tartrate salt were being obtained from the
maximum 50% yield. The product was shown to be the amine by 'H nmr
spectroscopy; furthermore, shaking the sample with D,O induced deuterium
exchange of the amine protons as indicated by a reduction in the intensity of the

signal at 8 5.1.
2.2.1 Synthesis of secondary amides with two stereogenic centres

Diamide 208 was prepared by a simple Schotten-Baumann preparation’* whereby
amine 129 was dissolved in 5 M aqueous sodium hydroxide and a solution of
chloroacetyl chloride in benzene was added drop-wise. The mixture was shaken
vigorously (with careful release of the pressure that built up) and the amide was

produced virtually instantaneously (scheme 2.7).
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0
' HY\Cl
S NH, = NH
. — T
T NH, TNH
o

129 208

Cl

Scheme 2.7 : Reagents : i) chloroacetyl chloride, 5 M sodium hydroxide, benzene

Filtration of the product and recrystallisation from ethanol gave the
product as white needles. In a similar fashion, amide 209 was made by reaction of
129 with bromoacetyl bromide (Scheme 2.8).'®

3Y\Br

9 NH, , = _NH
50%
CI:NHz NH

0 Br

129 209

Scheme 2.8 : Reagents : i) bromoacetyl bromide, 5 M sodium hydroxide, benzene

Several further ligands were synthesised from ligand 208. Ligand 210 was
synthesised by the reaction of 208 and potassium fluoride in diethylene glycol at
160 °C for 16 h (Scheme 2.9).'”! Initial attempts resulted in low (~50%) yields.
However, the use of potassium fluoride, freshly distilled from dry methanol, and
extended reaction times (4 days), gave a much improved yield of 96%. Attempted
synthesis of this ligand using 209 under the same conditions appeared to give

many side products.
0 o)
: 5 :NH ; C::NH
H
g)\/m N

208 210
Scheme 2.9 : Reagents : potassium fluoride, ethylene glycol, 96 °C, 4 days
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208 was also used to prepare amide 212 by heating at reflux with acetic
acid and sodium acetate over a period of 7 days.'>!®* Despite this long reaction
period, some monosubstituted amide 211 was still obtained (Scheme 2.10). It was

also necessary to remove the acetic acid azeotropically with toluene.
0

0]
o] 0
| | —_—
NH NH NH
H H H
O)\,Cl O)\/C' o)\/om/
0]
208 211, 16% 212, 60%

Scheme 2.10 : Reagents : i) AcOH, NaOAc, reflux, 7 days

Owing to the overly extended reaction times required to synthesise this
compound, it was found to be more efficient simply to acylate amine 129 using
acetoxyacetyl chloride. Although expensive, this eliminates one chemical step

(Scheme 2.11).

0
0 A
H HY\O
: NH, i : NH
. —
b NH, g NH o
0 e
o)
129 212

Scheme 2.11 : Reagents : i) 5M NaOH, CIC(O)CH,0Ac in benzene, 20 °C, vigorous shaking, 10 min

Amide 212 was subsequently de-esterified by dissolving the ligand ina 5 :
1 mixture of THF and water and addition of a 1 M lithium hydroxide solution.
Again, an extended reaction period of 7 days was required for complete de-
esterification, according to analysis by t.l.c (Scheme 2.11). The product 213 was
found to be quite soluble in water and required extraction into chloroform by the

use of reverse phase Dean-Stark equipment. '
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212 213, 80%

Scheme 2.11 : Reagents : i) 1 M LiOH, THF, H,0 (5:1) 20 °C, 7 days.

This compound was highly crystalline and it has been shown by Shapiro
and co-workers that this is because amides of the type have the ability to form
intramolecular hydrogen bonding between the hydroxyl moiety and the secondary

amide (figure 2.1).'*

o)

R1
e

H----O-H

Figure 2.1 : Hydrogen bonding in a-hydroxyacetamides

It was hoped that ligands 210 and 213 might accommodate a metallic centre such

as titanium and, therefore, able to effect asymmetric catalytic processes.

The synthesis of other secondary amides containing just two stereogenic
centres was straightforward and involved simple acylation of 129. Ligands 214,
215 and 216 were prepared from the relevant acid chlorides: acetyl chloride,
trimethylacetyl chloride and 2,6-difluorobenzoyl chloride respectively (Scheme
2.12).
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YMe

NH i i z _NH
NH >99% 56% a NH
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OJ\Me 0
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214 >99% 215
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NH F

NH F

o IQII (@]

F

216
Scheme 2.12 : Reagents : i) 5SM NaOH, CH;C(O)Cl in benzene, 20 °C, vigorous shaking, 10 min. ii) 5SM

NaOH, (CH;3);C(O)Cl in benzene, 20 °C, vigorous shaking, 10 min. iii) 2,6-difluorobenzoyl chloride, Et;N,
dichloromethane, 0 °C t0 20 °C, 16 h.

Compounds 214 and 215 were prepared in the same fashion as described
for the previous secondary amides; i.e. via Schotten-Baumann acylation
conditions. In both these cases, purification was simply a matter of filtration of the
white solid obtained and recrystallisation from ethanol. Amide 216 was prepared
by acylation of 129 in the presence of triethylamine and in dichloromethane.

Amide 217 was prepared by the reaction of diamine 129 with picolinic
acid in the presence of triphenyl phosphite.'” Separation from several by-products
by flash column chromatography was necessary to obtain the pure compound. The
highly crystalline solid amide 218, possessing six a with multiple fluorine atoms
was synthesised by reaction of diamine 129 with trifluoroacetylchloride (Scheme
2.13). Again, it was hoped that all these secondary amides would be able to

accommodate a metallic centre such as titanium
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Scheme 2.13 : Reagents : i) picolinic acid, PPh;, pyridine, reflux, 12h. ii) trifluoroacetic anhydride,

dichloromethane.

H
1 NH, nSo
129 219

Scheme 2.14 : Reagents : i) ethyl oxalate, 90 °C, 16 h

Quinoxaline 219 was made by heating amine 129 with ethyl oxalate over
16 hours (Scheme 2.14).'% The acylation of both ligands 218 and 219 was
attempted in order to produce the subsequent imide which might be capable of
asymmetric oxirane formation.” In both cases N-acylation with a trifluoroacetyl
unit was tried. LaLonde and Davis showed that it was possible to form triamides
by the bis-acylation of primary amides in the presence of 2,6-dimethylpyridine at
—40 °C. However, neither amide 218 or 219 underwent acylation using trifluoro
acetic anhydride under these conditions (Scheme 2.15).

A very reactive reagent for trifluoroacetylation has been described by
Martin and co-workers;'”’ trifluoroacetyl triflate (TFAT) was prepared by the
dehydration of a 2:1 mixture of trifluoroacetic acid and trifluoromethanesulfonic
acid with phosphorus pentoxide. Martin showed that it was possible for an amine
to bis-acylate in the presence of excess TFAT (Scheme 2.16). It was necessary to
use a highly hindered pyridine base 220 to prevent acylation of the nitrogen atom,
as has been shown to be the case with pyridine itself which forms pyridinium

triflate, also a powerful trifluoroacetylating agent (Scheme 2.17).



Chapter 2 Synthesis of ligands with two stereogenic centres 59

. o)
By, = Ay

F . o F F
oy s S
11 11 -

=_NCOCF = N _O

218 —X > 3 219 X I
NCOCF, g N IC:J
e 0 K,

Fr F

220

Scheme 2.15 : Reagents : i) CICOCH;, dichloromethane, -40 °C to 10 °C, 18 h. ii) (CF;CO),0,
dichloromethane, -40 °C to 10 °C, 18 h.
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Scheme 2.16 : Reagents : i) Trifluoroacetyl triflate (excess), CCl,, 221,20 °C
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Scheme 2.17 : Reagent : i) Trifluoroacetyl triflate.

Initially, the acylation of 218 and 219 was attempted by dissolving the
amide in carbon tetrachloride, adding the hindered base 221 and treating the
resultant solution with trifluoroacetyl triflate (attempts to prepare this were
abandoned and it was purchased from Aldrich). The reactions were conducted at
20 °C for 16 hours under a dry atmosphere. Unfortunately, in both cases, no

further acylation occurred under these conditions (Scheme 2.18).
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Scheme 2.18 : Reagents : i) Trifluoroacetyl triflate (excess), CCly, 221,20 °C

Attempts to obtain ligand 221 from amide 218 using oxalyl chloride in the
“presence of either sodium hydride or lithium bis(trimethylsilyl)amide at —83 °C in
anhydrous tetrahydrofuran (Scheme 2.19) failed, giving mixtures of inseparable

products.

Wa

he:
218—9@»@1

FF

221

Scheme 2.19 : Reagents : i) NaH or [(CH;),Si],NLi, oxaly! chloride, , dry THF, -80 °C to 20 °C, 16 h.
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2.3 Synthesis of tertiary amides with two stereogenic centres

A wide range of tertiary amides were synthesised that contained just two
stereogenic centres. Many were derived from (1R, 2R)-N,N’-dibenzyl-trans-1,2-
diaminocyclohexane. This was synthesised via the Schiff base according to a

literature procedure (Scheme 2.19).'®

';i NH2 i '; N ii ";" NH
(e, — o (]
96%
ToNH, N TNH
129 222 223

Scheme 2.19 : Reagents : i) benzaldehyde, benzene, 20 °C, 45 min. ii) NaBH,, MeOH, 0 °C to 20 °C, 4 h.

It was not necessary to purify the imine (except for analytical purposes)
and was used in its crude form in the reduction to the amine. Acidification of the
amine residue and extraction with chloroform removed any unreacted imine and
also destroyed any remaining sodium borohydride reagent. Pure amine 223 was
the obtained by simple basification of the aqueous layer and extraction with
diethyl ether.

The main aim in preparing ligand 223 was so that it could be used as a
precursor to tertiary amines in particular, $-amino-oxygen compounds such as 224
and 225. In general, this was done by acylation of the secondary amines with the
requisite acid chloride, followed by reduction of the resultant (section 2.4).
However; it was hoped that in the case of B-aminoalcohol 224, reaction of 223
with either 1-bromoethanol or ethylene oxide would shorten the synthetic
sequence by one step. Unfortunately, 1-bromoethanol failed to react with the
amine and after one week; firstly at 0 °C, then at room temperature, then at reflux,
only starting materials were recovered. Ethylene oxide, with its boiling point of
only 11 °C, was reacted with amine 223 in a cold room maintained at 4 °C. After,

three days, no reaction was apparent. The reaction was then attempted at reflux
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using a condenser packed with dry ice to prevent the ethylene oxide from

escaping; however, neither did this afford the product (Scheme 2.20)

Scheme 2.20 : Reagents : i) 1-bromoethanol, dichloromethane, varying temperatures. ii) Ethylene oxide
H,0/MeOH, varying temperatures

So, in order to obtain ligand 224 it was necessary to synthesise amide 227
At first, this was synthesised via amide 226. Again, this proved to be slow and

cumbersome and so acetoxyacetyl chloride was used in one step (Scheme 2.21)

0
(@)
I )K,c» gNl \o(
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87% 96% N
Ci H (0]
H@ >0 T oI
223 227

226
i 60%

Scheme 2.21 : Reagents : i) chloroacetoxy chloride, DMAP, triethylamine, 0 °C, 12 h. ii) AcOH, NaOAc,
tetracthylammonium iodide. iii) acetoxyacetyl chloride, DMAP, triethylamine, 0 °C, 12h
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Amide product 227 was de-esterified using 2M NaOH to give the bis-
hydroxyacetamido ligand 228 which had to be extracted from the aqueous layer by

continuous extraction with chloroform (Scheme 2.22).

Scheme 2.22 : Reagents : i) 2M NaOH, methanol, 20 °C, 0.5 h.

Diamine 223 was also mono-acylated with acetoxyacetyl chloride to give the
mono-amide 229. The crude compound was not purified and instead immediately

acylated at the second amine with methoxyacetyl chloride (Scheme 2.23).

d;r““p — =
Y & o

230

Scheme 2.23 : Reagents : i) acetoxyacetyl chloride, NEt;, dichloromethane, 0 °C to 20 °C, 4 h ii)
methoxyacetyl chloride, NEt;, dichloromethane, 0 °C to 20 °C, 4 h. 18% overall yield.

The only other example that exists of a diamine being acylated using these

two different acylating agents is in Taguchi’s synthesis of the anti-inflammatory

1109
CN
LI
0 0]
A DY e

agent 231.
231
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Amide 232 was also synthesised by simple bis-acylation with
methoxyacetylchloride (Scheme 2.24).

223
Scheme 2.24 : Reagents : i) Methoxyacetyl chloride, NEt;, dichloromethane, 0 °C to 20 °C.

The non-C, symmetric amide 234 was made by monoalkylation of amine
223 using <1 molar equivalents of dilute benzyl bromide in dimethylformamide
(~0.1 M) and potassium carbonate as a base. This gave amine 233 (along with
some tetraalkylated product which was separable by flash column
chromatography) which was acylated using either methoxyacetyl chloride or
acetoxyacetyl chloride (Scheme 2.25). An interesting experimental point is that a
majority of the dimethylformamide can be removed by washing the reaction

mixture vigorously with saturated lithium chloride.

oL : :H» : s
223 233 234a R=C(O)Me
234b R=Me

Scheme 2.25 : Reagents : i) benzyl bromide, potassium carbonate, dimethylformamide, 20 °C. ii)
Acetoxyacetyl chloride (234a - 71%) or methoxyacetyl chloride (234b - 36%), triethylamine,
dichloromethane, 0 °C to 20 °C.
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2.4 Reduction of amides

The reduction of amides is a very popular method in the synthesis of
amines.''® This is because, in general, the amide is easily separable from the
amine, unlike methods which involve N-alkylation where the products may be of

relatively the same basicity and can be at least as reactive as the starting materials.

2.4.1 Reductions with lithium aluminium hydride (LiAlH,)

The reduction of amides with lithium aluminium hydride is generally the
method of choice. This is because of the relatively cheap cost of LiAlH; compared

to other reducing materials'"!

as well as its general efficiency. The mechanism of
this reduction has some features that differ from the reduction of a ketone, for
example. With most carbonyl compounds the LiAlH, co-ordinates to the carbonyl
group with the subsequent transfer of the nucleophilic hydride. Furthermore, there
are three remaining hydrides which can each be transferred to one equivalent of
carbonyl, thus meaning, in principle that four molecules of carbonyl can be
reduced with one molecule of LiAlH; This stepwise formation of
alkoxyaluminate intermediates has been described by House (Scheme 2.26).'2
However, in practice, at least one molar equivalent, i.e. four equivalents of

hydride, is required for the complete reduction of the compound.

H H H
H " \/
\ /Z-—L{ —>A/|/\ it | — e H—A i Li*
H— ~~o —_— H (o] Li \O
T all .
H RJ\R. HTR y ,{\R‘
R
R|
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R%—O 0" H + OH
srecor RS N/ H;0 ’l\
—_— Al Li — 4 T R

Rv

o0~
9

Pk
Scheme 2.26 The reduction of most carbonyl compounds involves co-ordination of the LiAlH, to the

carbonyl group and subsequent addition of each hydride to an equivalent num.ber of carbonyl molecules.
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However, the reduction of amides is somewhat different. The reaction of
amides is generally slower than that of other carbonyl compounds and reduction
proceeds via an intermediate iminium salt formed as a result of initial transfer of
the hydride to the amide. This is then reduced further to produce the amine itself
(Scheme 2.27).M°

)
H -
H
|/H /?] H
Al H N I/
o 7 A, H H H--Al—H
4 H Hi o HH /
J"\ S — I S — %\N — >=N/ —_— )—N{ ——> N
R\ N H N
U R\ R R\
H
7/
H_
M~h
H

Scheme 2.27 : The reduction of amides with LiAlH, proceeds through an intermediate iminium species.

2.4.1.1 Use of LiAlH, for the reduction of amides 227 and 232

The first compound to be subjected to this reduction method was amide
227 (Scheme 2.28). Initial conditions for this reaction involved the reaction of

amide and LiAlHy in dry THF at room temperature. This reaction, as monitored

only the formation of the de-esterified product 228.

by thin-layer chromatography (potassium permanganate as a developer), showed
Q 0 Yo Q
nl o

T S
©“»” 1S3 QA“ @vw

Scheme 2.28 : Reagents : LiAlH,, THF, 20 °C

However, elevation of reaction temperature to reflux seemed to produce
many side-products and thus the compound could not be isolated. This was also
the case when the experiment was repeated with fresh LiAlH; with direct

connection to the nitrogen line (a balloon had originally been used) as well as
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decreased reaction times. Furthermore, attempted reduction of amide 232 did not
effect a complete reduction and subsequent addition of dilute HCI during work-up
to destroy residual LiAlH; and to effect the hydrolysis of alkylaluminate
complexes actually resulted in the cleavage of the amide completely (Scheme
2.29). This is probably made possible by the fact that complex 235 is stable up to
the point of acid addition.

l%j\/o\ ! Qﬁo\l—’g\hﬁifo\—’@ . Hj\,o\
Ejﬁké(\o/ H RNH

+
N
R H R™H -N.
232 235

Scheme 2.29 Reagents : i) LiAIH,, THF, reflux, 12h, ii) 1 M HCI, extracted with Et,0. Partial reduction of
232 results in the cleavage of the amide upon hydrolysis with dilute acid. The t.l.c showed the extensive
presence of an amine and this was separated in the hope of it being the product. However, it was shown to be

only dibenzylamine 223.

Such an unusual reduction process has been documented by Brown and co-
workers'"? where the use of lithium triethylborohydride in THF for the reduction
of an amide gave the alcohol via the aldehyde, rather than the amine. Brown
proposes that this aldehyde is reduced further to the alcohol by the borohydride
(Scheme 2.30). It is probable that the aldehyde generated in Scheme 2.29 is also

reduced to the corresponding alcohol although only the amine was isolated.

.B(C,H,) ]
O O 2''5/3 O "

; (C,H).B. .R +

R" 1 " .t 2 's/35 ;

R'/U\’}‘ — > AR — N

]
R" Rn
_B(C,Hy) H ;
1 o) 2''5/3 L1+ 1 0 + H\,\II,R
R') R' R"

Scheme 2.30 Reagents - i) Li(C,H;),BH, THF. ii) H;0"
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It may be that vicinal diamides are simply too sterically congested to allow a
complete reduction of both amidic units. This may be why only partial reduction
is achieved in the case of 227 and why only a de-esterification occurs in the case
of 232. Even with an excess amount of LiAlH, and hence a vast excess of hydride,
no product was obtained in both cases at room temperature. With excess LiAlH,
and elevated temperatures, many side reactions occurred in the case of amide 227

and deamidation occurred in the case of 232.
2.4.2 Reductions with borane

Although LiAlH, is the first method of choice for reductions, borane is
also a popular reagent. Its use as a reducing agent was first reported sixty-two
years ago in 1939 by Brown and Schlesinger.''* The main difference between
borane and LiAlH, is that borane is ‘a good Lewis acid and will co-ordinate to
atoms of high electron density’.'” This is shown by the comparison of reactions
of 236 and 237 and borane, where 236 reacts faster because of a more electron
rich carbonyl group being co-ordinated with borane more effectively (Scheme
2.31).'

Although diborane can be used in its pure state, the flammabilities and
dangers associated with it has led to its use in the form of a stable Lewis base
complex that is easier to use. Examples of this include the complexes THF.BH;
and Me,S.BH;. These are soluble in organic solvents such as THF and toluene,

and hence are ideal for the reduction of organic compounds.
0 _ OH o OH
1 1
S = S - S
Ci Cl
236 237

Scheme 2.31 : Reagent : i) diborane. The rate of reaction of 236 is faster than that of 237 as the electron-
donating alkyl groups make the carbonyl more electron rich and increase the interaction between the Lewis

acidic borane.
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2.4.2.1 Use of borane for the reduction of amides 227 and 232

After the failure of LiAlH, to result in the desired amines, compounds 227
and 232 were subjected to reduction by THF.BH3. The apparatus was flushed with
nitrogen and the amide was dissolved in dry THF. Having allowed the solution to
reach reflux, two equivalents of THF.BH; per amide (and in the case of 227, two
extra equivalents per ester group) were then injected into the solution and the
resulting reaction was monitored by thin-layer chromatography. It became

apparent that after 16 hours at reflux, 227 gave only de-esterified product 228 and
l‘ amide 232 appeared untouched by the reagent (Scheme 2.32). De-esterification
was also observed using extended reaction times. Consequently, it was decided to
try and use a different complex of borane — Me,S.BH; (it was hoped that the
varying Lewis acidities and co-ordination properties might promote reduction).
The same method was used for the reduction and, unfortunately, in the case of
227, only 228 was formed and again, 232 appeared to be unreactive to these

conditions.
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Scheme 2.32 Reagents : i) BH;. THF, dry THF, N,, reflux, 16 h. ii) 3 M HCI. The attempted reduction of 227
gave only the de-esterification product 228. Amide 232 did not appear to undergo any reaction.
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2.4.3 In situ generation of diborane

As mentioned, diborane itself is very difficult to handle owing to its
flammable nature and hence the use of the stable complexes. However, it is well
known that carbonyl groups including amides can be reduced by sodium
borohydride in the presence of an acid.'"” This was demonstrated by Umino and
co-workers using acetic acid.!"® Abiko showed the reduction of a range of amino
acids to the corresponding amino alcohols could be affected with a mixture of

sodium borohydride and concentrated sulfuric acid (Scheme 2.33).7

238
H Q H
i
Ao  — N o
O CH, (_)H3
239

Scheme 2.33 Reagents : i) NaBH, / CH;COOH 1:11, dioxane, 2 h, heat. ii) NaBH, / H,SO,, THF 1 : 2, ether.

The reduction of benzoylalanine gave a very acceptable yield of 80%. Abiko also
attempted the reduction of the amino acid L-valine, which although not an amide,
used the same reagents and conditions for reduction as for 239. A number of
different reagents in place of sulfuric acid were attempted, though none were quite
as successful as sulfuric acid. This method was fairly convenient for several
reasons which Abiko states.!!” Firstly, “the reduction can be scaled up without risk
of explosion’. Secondly, ‘sodium borohydride and sulfuric acid are inexpensive’
and finally, ‘the execution of the reduction is simple and rigorous drying of the
solvent is unnecessary’. The use of sodium borohydride and sulfuric acid then

became the method of choice for this particular type of reduction.
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2.4.3.1 Use of in situ borane for the reduction of amides 227 and 232

The procedure described by Asami involved adding the amide 227 to a stirred
suspension of sodium borohydride in THF. A solution of concentrated sulfuric
acid in ether (ca. 1 : 3 which was prepared very carefully) was added drop-wise to
the cooled suspension and the reaction was allowed to proceed overight.
However, after destroying the borane with methanol and working up the reaction,
the t.1.c showed the presence of many side-products which appeared to be basic, as
they showed the characteristic tailing on the chromatographic plate. Separation by
' chromatography proved impossible. Similarly, amide 232 seemed to undergo
excessive reaction under these conditions and purification of the product was not
achieved (Scheme 2.34). The failure of all these reactions, which should and do
normally work on most amides, was disappointing. Short of using substances such
as alane, which would be a final choice, there seemed only one classical route to

the reduction of the amides, namely the use of metal-alcohol reductions.

227 224
A L
';' NJJ\/O\ i, il El N/\/O\
EIN Q:N
\n/\ -

232 225

Scheme 2.34 Reagents : i) NaBH,, THF, ¢.H,SO, / ether (1 : 3). ii) MeOH. The attempted use of diborane
formed in situ for the reduction of amides 227 and 232 failed.
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2.4.4 Metal-alcohol reductions

The use of a metal-alcohol system to reduce ketones to alcohols and
oximes to amines is well known.'"” The reduction of amides under these
conditions is less common. However, Bhandari and co-workers'!® effected the
conversion of a range of amides of primary, secondary and tertiary nature by this
method (Scheme 2.35, table 2.2).

Scheme 2.35 : Reagents : i) Na, ROH ii) H,0

Yield of amine Amide Yield of amine
(%) (%)
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Table 2.2 A diverse range of amides have been successfully reduced by Bhandari.



Chapter 2 Synthesis of ligands with two stereogenic centres 73

2.4.4.1 Use of metal —alcohol systems for the reduction of amide 227

Although the amides used by Bhandari were mostly cyclic, it seemed that
amide 227 should undergo an analogous reduction. Using the same conditions, the
amide was dissolved in n-propanol and sodium metal was added over a period of
one hour with reflux and the reaction was maintained at reflux for a further thirty
minutes. Work-up and extraction showed a mixture of compounds by thin-layer
chromatography. Attempted purification, first by an acid back-extraction to
remove non-basic material followed by flash chromatography, proved fruitless.

f Furthermore, although the experiment was repeated with different solvents
(isopropanol and n-butanol) under exactly the same conditions, the same problems
were encountered and it seemed that this method of the reduction of vicinal
diamides would not be effective (Scheme 2.36). At this point, it seemed that all
avenues had been explored and alternative synthetic routes were investigated.
However, a fortuitous discovery of a journal article used by a previous group

member proved to be a turning point in the synthesis of the target amines.
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Scheme 2.36 Reagents : i) Na, "PrOH or ‘PrOH or "BuOH. ii) H,0. The reduction of amide 227 via the metal-

alcohol reduction method was not satisfactory.
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2.4.5 Lewis acid assisted reductions

A paper by Brown and co-workers'”® outlined a method whereby an amide
was reduced using borane-dimethylsulfide with the assistance of the Lewis acidic
boron-trifluoride etherate. This method has been used effectively on both
secondary and tertiary amides (Scheme 2.37 and table 2.3).

0 :
1 1 ’R'"
Rl)thlfR -.—lib R'/\N

Rll iii R"

Scheme 2.37 Reagents : i) BF;.OEt, ii) BH;.Me,S iii) HCl, NaOH

R’ R” R’ Yield (%)

n-CsHj, CH; CH, 80
O CH; H 77
CeHs CH; H 80

Table 2.3 : Secondary and tertiary amides have been successfully reduced and in good yields by Brown'*

Evidently, the Lewis acid BF; stabilises the transient cation. This activates the
carbony! group towards attack by a nucleophile such as hydride (Scheme 2.38)
much more so than it would be using the weaker Lewis acid diborane (or
THF.BH3 alone).

+ _y BF BF
o | /ﬁ\, 3 O/ 3 )
" 1 "e " 11 ,R"'
R./U\N’R —_— Rl ”’R - R')'*'\N’R — R'/\N
Ru Ru é“ R"

Scheme 2.38 : Reagents : i) BF;.0Et,, ii) H". Boron trifluoride acts as a good Lewis acid, that activates the
carbony! group to nucleophilic attack by hydride.

Furthermore, normally several equivalents of borane are required in order to
achieve complete reduction. This is because additional borane reagent is required
to co-ordinate with the amine, and in the case of secondary amines, an extra
equivalent of borane is required for the evolution of hydrogen. The use of boron
trifluoride etherate means that excess reagent is not necessary, and that larger

scale reductions can be carried out less expensively and more effectively.
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2.4.5.1 Use of Lewis acidic boron-triflueride etherate in the reduction of

amides

The use of borane-dimethylsulfide complex had already been investigated when
this method was uncovered. So it was with a certain amount of scepticism that this
procedure, developed by Brown and co-workers,'® was attempted. The set-up
involved having the amide (dissolved in THF) in a two-necked round-bottomed
flask with a Vigreux column attached directly to the vertical neck. At the top of
the column was placed a distillation arm and thermometer. A condenser attached
f to this arm would condense any solvents where they would be collected in a
receiver flask. The outlet at the receiver end of the distillation apparatus was
attached to a dual nitrogen-vacuum line so that the system could be evacuated of
air and flushed with nitrogen via the same outlet. Reagents were injected into the
two-necked flask via the second septum-capped neck. Firstly, the boron-trifluoride
etherate was injected carefully into the solution in an equimolar amount with
respect to the amide. This solution was then heated at reflux and the borane-
dimethyl sulfide complex was injected carefully over a fifteen minute period.
Within half an hour of reflux, the dimethyl sulfide and ether were liberated and
distilled over into the collecting flask. The Vigreux column also prevented any of
the THF from distilling and this was allowed to heat at reflux for a further fifteen
hours. After this time, the solution was cooled and the THF was removed under
reduced pressure via the outlet at the receiver end. The residue was then heated
with 6 M hydrochloric acid for one hour to liberate the amine from its boron
complexes. Then any basic material was retrieved from its hydrochloride salt by
re-basification with 6 M sodium hydroxide solution and extraction with diethyl

ether.

The progress of the reaction was monitored with thin layer

chromatography using U.V to visualise or potassium permanganate to develop the
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plates. At this point it appeared that not only had the reaction proceeded to
completion, but also that it had proceeded very cleanly, as there was only one
compound present on the plate. This was confirmed by nmr analysis on the

material after isolation (Scheme 2.39 and figures 2.2 —2.4).

227 224

Scheme 2.39 Reagents : i) BF;.0OEt,,.Me,S. BH;, THF ii) HC! i1i)) NaOH

The "*C nmr spectrum shows that all ten signals are present (it is C; symmetric)
and although fig 2.2a shows only nine signals, a DEPT C" nmr spectrum shows
that the signal at ca. 59.5 ppm is, in fact, two signals (figs. 2.3 and 2.4).
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The success of this method was such that it could be applied to all the other
amides that had been synthesised. Amides 232, 234a and 234b all reduced
smoothly to the corresponding amines (Scheme 2.40). Amide 230, however, was
not successfully reduced and furthermore there was little interest in this ligand as

a successful catalyst.
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Scheme 2.40 Reagents : 1) BF;. OEt,, THF ii) BH;:Me,S, reflux 16h iii) 6 M HCl, 6 M NaOH. Above are the

amides with two stereogenic centres that were successfully reduced with the method devised by Brown.'?
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2.5 Synthesis of further ligands with two stereogenic centres

Further ligands were synthesised that possessed only the two chiral centres
of the diaminocyclohexane. An example is ligand 242, which is similar to ligand
224 except that methyl groups have replaced the benzyl moieties. This was
synthesised via intermediate 241 (Scheme 2.41) using 2-bromoethanol as an
alkylating agent (some of the mono-alkylated product is also formed).'?!
Reductive alkylation using formaldehyde and any mild reducing agent as the first
step tends to give mostly tetramethylated product. Furthermore, other than the
selected route being simpler and easier, it was thought that intermediate 241 could

also have potential catalytic value.

H o\ H |
: ‘ N\/\OH i 2 N~oH
/\/OH iv N/\/OH
0% 5% H
129 241 242

Scheme 2.41 : Reagents : i) 1-bromoethanol, H,0, 70 °C, 3h. ii) KOH,, 0 °C, 2h. iii) HCHO,
HCO,H, heat, 16 h. iv) 1 M HCL

The Eschweiler-Clarke step'?? proceeded smoothly to generate the product
in an overall yield of 95%. However, in order to have flexibility in the nature of
the PB-aminoalcohol substituent, further N-methylated species would have to
originate from amine 244 and, as discussed, reductive alkylation would not be
viable in this instance. The synthesis, therefore, was successfully achieved by

reduction of carbamate 243 according to literature procedure (Scheme 2.42).'%

0 0O
(j‘\”“z i HTJ/I-l ] i d'!m
——— ———
b NH, 89% qj\H J 52% i TH
(O NN o)
129 243 244

Scheme 2.42 : Reagents : i) ethyl chloroformate, CgHg, CsHsN, 0 °C, N, 2 h. ii) LiAlH,, THF, N, 4 h.
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The synthesis of trisubstituted ligand 248 was attempted by various means.
First, by the mono-protection of amine 244 with -Boc anhydride with a view to
reducing the protecting group to the methyl substituent — a procedure that has
been successfully performed by Gibson and co-workers.'” Mono-protection of
N,N’-dimethylethylenediamine with t-Boc anhydride is known (Scheme 2.43).'**
Unfortunately, in the case of diaminocyclohexane, only bis-acylation occurred and
attempts to perform the reaction at a lower temperatures (0 °C) did not prevent the
bis-acylation once more. At higher dilutions there appeared to be no, or very little,
reaction. Attempts to cleave one of these protecting groups by using one

| equivalent of trifluoroacetic acid in dichloromethane also failed, and no product
was isolated.

0]

0.0
Y Xyl WY < i
NH i N s NH i : N : N
GG GGy — g
NH NH NH NH NH
I H H |

I H

o)

245 246 244 247 248

Scheme 2.43 : Reagents : i) O[CO,C(CH;)3)5, CH,Cl,, 20 °C, 4h.

Despite the failure to acylate amine 244, the mono-protection of amine 204
has been achieved (Scheme 2.44)."” This may be because, despite similar
basicities, the primary amine can acylate more readily under higher dilutions

owing to its less sterically hindered environment.

T T

129 249

Scheme 2.44 : Reagents : i) O[CO,C(CH;);]5, CH,Cl,, 20 °C, 4h.

It was thought that ligand 249 would undergo bis-methylation on the
primary amine centre and it was reasoned that a formaldehyde-formic acid system

would not be advisable owing to the sensitivity of the protecting group in acidic
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media, especially at the temperatures that would be required for these conditions.
Therefore, a method was used whereby the reductive step of the alkylation was

performed using sodium cyanoborohydride'*°

was used. This was done at room
temperature and was, therefore, ideal for such sensitive reagents. However, this
did not seem to work and the materials appeared not to react at all. Furthermore,
the misgivings about using the standard Eschweiler-Clarke conditions were
founded, as the reaction proceeded to the tetramethylated substituent'?’ (by mass
spectroscopic analysis), where obviously, the protecting group had been removed

by the acid (Scheme 2.45 a and b).

0.0
HE) A S
SUEE IO
n N2 H

249 250

b) OYOK
H |
l; NH ii I N
L, =
N/
1 NH, H
249 251

Scheme 2.45 : Reagents : i) HCHO, NaBH;CN, MeOH, 20 °C ii) HCHO, HCO,H, 90 °C, 4 h.

It was thought that mono-protection of the amine with a more robust
protecting group such as a phthalimide might allow the alkylation to proceed
cleanly. However, when this was attempted the non-reacting amine prevented
formation of the phthalamide and instead produced 252 which was found to be

unreactive to alkylation with formic acid and formaldehyde (Scheme 2.46).

0
ONH, H NH i H NH
e, ™ e 7 Ul
TN, TSN, e
129 252

Scheme 2.46 : Reagents i) Phthalic anhydride, CHCl;, 70 °C. ii) HCHO, HCO;H, 70°C.
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Despite the low resolution mass spectrum showing the presence of some
phthalamide, the majority of the product was shown to be 252. Furthermore,
attempted cyclisation of 252 with aqueous hydrochloric acid — a procedure that
had been used on the analogous N-(2-amino-phenyl)phthalamic acid'?® did not
seem to produce any product and indeed, the zwitterion 252 may just be too stable
to react (Scheme 2.47).

o _ o o , °
1 H
NH N % NH ;{ N
(:[+ O O ©: 0 q* oo NHO
‘ NH, NH, b NHg  NH
253 252

Scheme 2.47 : Reagent :i) HC], 80 °C, 16h.
2.6 Synthesis of N-aryl ligands
Several ligands were synthesised with an N-p-nitrophenyl group. Amine

255 was synthesised according to a literature procedure.'?” (Scheme 2.48). Amine

254 was the separable intermediate from the synthesis.

NO, NO,
H
UNH, UNH = NH
T 5 G, = G
00
B NH, 25% H NH, 20% FNH
129 254 255 o,

Scheme 2.48 : Reagents : i) p-FC¢HsNO,, DMSO, 50 °C, 4h. ii) p-FCgH,NO,, DMSO, 70 °C, 16h

As it is known that ligands containing a secondary aromatic amine and a

tertiary amine in a 1,2 relationship have catalytic activity towards Michael

130

additions ", it was decided to prepare ligand 256 by methylation of 254 under

Eschweiler-Clarke conditions (Scheme 2.49).
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Presumably, methylation of the secondary amine initially results in the
formation of one methyl substituent, whereupon subsequent formation of the
iminium salt results in cyclisation via a S-endo-trig type ring closure from
nucleophilic attack of the aromatic nitrogen. This in itself is not uninteresting, as

few examples of this type of system exist.'*!

A similar system 258 designed by
Wieringa and co-workers was shown to be a potentially good anti-depressant'*?
and although the cyclohexyl unit in 257 may prevent such activity, the use of 1,2-

diphenyldiamine 259 might allow some activity.

NO, - NO,
oe ©T">
N N
H Me |
257 258 259

It was decided that less vigorous conditions were required for the synthesis
of 256. To that end, sodium cyanoborohydride was use instead of formic acid as a
reducing agent since it has the advantage of working at room temperature. This

indeed gave the N,N-dimethylated derivative 256 in a 60% yield (Scheme 2.51).

NO, NO,
H
Y NH i ;-NH
[ I 30% [I -
ToNH, b T
254 256

Scheme 2.51 : Reagents : 1) HCHC, NaCNBH;, AcOH, MeCN, 20°C, 16 h

The only example that there appears to be of a primary amine being bis-
methylated in the presence of a secondary aromatic amine is given by Somei and

co-workers'®® in their total synthesis of chanoclavine acid and this was done with
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dimethy! sulfate in the presence of potassium carbonate, though this still afforded

some mono-methylated product (Scheme 2.52).

MeO,C

Scheme 2.52 : Reagents : dimethyl sulfate, potassium carbonate.

- 2.7 Synthesis of chiral ketones.

Chiral ketones are known to catalyse the epoxidation of alkenes via
formation of the dioxirane (see section 1.5.2). Many interesting examples exist of
chiral ketones such as those shown on page 39. However, the use of C; symmetric
ketones in the oxone® reaction are not as well known and the only good example
there seems to be is that of Yang’s catalyst 150”* so the synthesis of 257 was

pursued.

0o

o

o 0

o) 0 C}iﬁ
e i
o Xe o

150 257

o

As stated in section 1.5.2, the advantages of having a C, catalyst for this
reaction is that it does not matter which oxygen atom in the dioxirane is delivered
whereas in chiral ketones such as 146 to 149 (page 39) it is necessary to block the
delivery of one of the oxygen atoms in order to get any enantioselectivity. Ligand
257 has this symmetry and also contains amidic groups which have been shown
by previous members of this group not to interfere with the catalytic process (258,
259 and 156).
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0
I}/ AcO OAc
0 ’
HN ﬁ'N 0 A
0P~ O T oy
Ph
258 259 156

The synthesis of 257 was attempted at high dilution with the use of a
syringe pump containing a highly dilute solution of 1,3-dichloroacetone in THF
(~0.2 M) which was added very slowly to a dilute solution of the amide 215 and
-sodium hydride, also in THF. All this was in an attempt to prevent the
polymerisation of the dichloroacetone with the amide. Unfortunately, this was not
enough to prevent the formation of many side-products which were not isolable
(Scheme 2.53). Lowering the reaction temperature also failed to promote
formation of the bicyclic product; nor did the use of 1,3-dibromoacetone, which it
was hoped would react rapidly with the proximal amide in preference to

undergoing intermolecular alkylation.

qNH —><_> H N): °
o o

215 257

Scheme 2.53 : Reagents : i) NaH, 1,3-dichloroacetone or 1,3-dibromoacetone, THF

However, a month or two after these investigations, an article appeared by
Denmark and co-workers,"** describing a very similar system which was
synthesised by the addition of dibromoacetone to N,N,N’,N -tetramethylamine to
form the bis-quaternary ammonium salt 259 followed by ion exchange with silver
triflate to form stable salt 260 (Scheme 2.54). This system has the added
advantage that because the symmetric ketone is between two cationic units, it is

‘highly resistant to degradation by Baeyer-Villiger oxidation’."**
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258

\ / \ /
| i N ii N -
N s — + B +
AN [ }O 2Br —— [ >:O 2CF,S0,
! N A
259 260

Scheme 2.54 : Reagents : i) dibromoacetone, acetone, 20 h. ii) silver triflate, H,0,20°C,4 h

Denmark’s reaction was performed in a very similar manner to the
attempted synthesis of 257 (Scheme 2.53) in that highly dilute solutions of the
reactants were used. Reproduction of Denmark’s experiment was successful when

| attempted and so the synthesis of 261 was begun under the same conditions in an

attempt to impose an asymmetric environment upon the ketone (Scheme 2.55).

H H H\ /
s NH, i H
SeRNGe e
80%
H NH, H/ \
129 251 261

Scheme 2.55 : Reagents : i) HCHO, HCO,H, 90 °C, 16h. ii) dibromoacetone, acetone, 20 h.

Amine 251 was synthesised according to the Eschweiler-Clarke procedure.'?
Unfortunately, the cyclisation of 251 with dibromoacetone could not be effected
under these conditions, and numerous side products were obtained, none of which
corresponded to the product.'® It was thought that this may be due to the rigidity
of the cyclohexane backbone in 251, compared to 258 which has a freely rotating
bond that can easily orientate itself for cyclisation. Thus the synthesis of 264 was

attempted, following the same synthetic path (Scheme 2.56).

<
NH, N< >:

— +. 0 2Br
NH, 69% O N~ H/\

262 263 264

= o

X

Scheme 26k : Reagents : i) HCHO, HCO,H, 90 °C, 16h. ii) dibromoacetone, acetone, 20 h.
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It was thought that the absence of a conformationally fixed ring might
allow rotation around the 1,2-diamine bond, and permit cyclisation as in the case
of 258. Unfortunately, it became apparent that it was not the restriction of the
rotation of that bond that was the problem, but the fact that the conditions used for
the synthesis of compound 259 were just not the same as for ligands 261 and 264.
This is known because, some months later, Denmark claimed to have synthesised
these very systcms;j5 however, they exhibited little enantioselective character (see
page 40). Unfortunately, these results are from unpublished work within his
laboratory and the difference in conditions used in the synthesis of these ligands is
" not described. It was then thought that the best way to continue in this area would
be to use enantiomerically pure alkyl substituents on the nitrogen atom which
Denmark’s group also tried, but again they reported little or no enantioselectivity

in the use of such compounds.



Chapter 3

Synthesis of ligands with more than two stereogenic centres

derived from 1,2-diaminocyclohexane
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3.1 Synthesis of ligands with multiple stereogenic centres by acylation

A wide range of -aminoalcohols were synthesised that had additional
stereocentres on the aminoalcohol unit. In most cases the additional chiral centre
was located on the carbon beta to the nitrogen. This is because the aminoalcohol
units were introduced via acylation and subsequent reduction of the resulting

amides (Scheme 3.1).

)

0 ) A

H
H HY\OR H o
e = e U

NHR NHR NHR
H H H
R? OH

0 o)
R R!
Scheme 3.1 : General scheme for the synthesis of amides and amines with multiple stereogenic

centres.Reagents : i) enantiopure acylating agent. ii) Reducing agent.

3.2 Synthesis of tertiary amides with multiple stereogenicity

The acylation was first attempted on (1R,2R)-(-)-N,N’-dibenzyl-trans-1,2-
diaminocyclohexane 223 as this amine was, at the time, readily available. First
attempts involved heating both 223 and ethyl (S)-lactate together (Scheme 3.2).'%
This was performed both with methanol as solvent and without any solvent at all.
Despite lengthy reaction times, no reaction occurred under any of the conditions

and only starting materials were recovered.

223 265

Scheme 3.2 : Reagents : i) ethyl (S)-lactate, heat (with methanol : reflux, without : 150 °C), 5 days
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Similarly, an 85% aqueous solution of (S)-lactic acid was stirred with neat
amine 223 and subsequently heated at reflux using a Dean-Stark receiver to
collect the water that was produced (as well as that already present). However,
despite the collection of water, little or no reaction appeared to have taken place

- and the nmr of the extracted material showed only the presence of amine 223

(Scheme 3.3)."*’
/C O Me
H - TR
e L -
NH N OH
23

X

H

Scheme 3.3 : Reagents : i) 85% (S)-lactic acid, xylenes, reflux

At this point a reference was found for the one pot synthesis of o-
hydroxyamides from the corresponding o-hydroxy acids. Kelly and LaCour'?®
synthesised a range of chiral amides (table 3.1) by firstly protecting the free
hydroxy unit with trimethylsilyl chloride followed by in situ conversion of the
resulting bis-protected hydroxy acid to the acid chloride using oxalyl chloride.
The acid chloride that formed was then used to acylate the amine, again in situ
(Scheme 3.4).

OH ) OTMS . OH
1 I 1092
RJ\[(OH —_—— R/Kerl _— R&(NRR
0] 0
266 267

Scheme 3.4 : Reagents : i) trimethylsilyl chloride, pyridine, oxalyl chloride, cat. DMF, dichloromethane. ii)
R'R?NH, pyridine, citric acid, methanol.

Enantiopure o-hydroxy acids were successfully used and Kelly showed
that the resulting amides from these compounds were of greater than 99%

enantiopurity by 'F nmr of the Mosher ester derivatives. .
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Product, 267 R R' R* Yield, %
a (+)-(CH;),CH Ph H 91
b (+)-(CHs);CH (CHa),Ph H 98
c (+)-Ph Ph H 90
d (+)-Ph (CH,),Ph H 98
e (+)-Ph Et Et 88
f (S)-Ph Ph H 99, 99.6% e.e.
g (S)-Ph +-Bu H 97,99.2% e.e.
h (R)-n-octyl Et Et 77,99.3% e.e.

Table 3.1 : Kelly and LaCour synthesised a range of a-hydroxy amides (see scheme 3.4)

This approach was taken in the synthesis of 265. After addition of
| trimethylsilyl chloride and 4 hours of reaction, the solution was cooled to 0 °C and
the protected a-hydroxy acid was reacted with oxalyl chloride. The conversion of
the bis-protected hydroxy acid to the singly protected acid chloride was monitored
by infra-red spectroscopy to show the decrease in oxalyl chloride and the

subsequént increase in the acid chloride product (Scheme 3.5, figure 3.1).

OH _ oTMS 0TMS
i , i ‘
Me‘"j\(OH . H(OTMS Ve ‘\r(m
0 0 0
268 269 270

Scheme 3.5 : Reagents : i) trimethylsilyl chloride, pyridine ii) oxalyl chloride, cat. DMF, dichloromethane.

Despite the apparent consumption of oxalyl chloride as indicated by the IR
spectra, addition of amine 223 gave major product 271, obviously the result of
acylation with oxalyl chloride (Scheme 3.6). Unfortunately, the same thing

happened between 269 and oxalyl chloride despite extended reaction times.

S e
O O

Scheme 3.6 : Reagents : i) unreacted oxalyl chloride, pyridine, dichlo;omethane.



/36#! 3# | H % 1 ! /

-, 1)9? & =3@ E3,4, 7/, -1! =% @ 1-"-,4, 7 $6 81 381 E3,4, 7/, -1! 35#! [ =7@ 35#! >/ =
354! (/9 /! -8#18"-#4 5 #/! E3,4, 7/, -1! "-.83, =739 ?B>* 7$MQ@ 759 37-1 7/, -1! "-.83,
7$QQ@ "#!31-,4 117 13"1" 0! #-$19



Chapter 3 Synthesis of ligands with multiple stereogenic centres 94

After the failure of this method to work, it was decided to put different
protecting groups on the free hydroxyl unit of (S)-lactic acid and to then convert
this into the acid chloride. Initially, 3,4-dihydro-2H-pyran was used to generate
the THP protecting group. However, in retrospect, this was not the best protecting
group to use since it formed a mixture of diastereomers where the alcohol being

protected was adjacent to a stereogenic centre (Scheme 3.7).

OH . OH

OH !
Me ‘\r JEE— . Me‘\‘HT + Me“
o)
0 0
268 272 273

Scheme 3.7 : Reagents : i) 3,4-dihydro-2H-pyran, pyridinium p-toluenesulfonate, dichloromethane, 20 °C,
16 h '

However, protection of the alcohol with an acetyl group was favourable.
Subsequent conversion into the acid chloride followed by acylation would give
the desired amide. This has been described by Feringa and co-workers in the
synthesis of chiral phosphonate 277, who used the protected acid chloride to give
amide 275 which was subsequently reduced to the B-aminoalcohol 276 (Scheme
3.8).1%

277
Scheme 3.8 : Reagents : i) Acetic anhydride, ii) thionyl chloride, iii) dicthylamine, dichloromethane, iv)
LiAlH,, THF, v) phosphorus trichloride, ethanol
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This procedure of obtaining the amide was successfully applied to the
synthesis of 278. The acid chloride was formed by the in situ action of thionyl
chloride on (S)-O-Acetlylacetic acid followed by distillation of the pure acid
chloride using bulb-to-bulb distillation equipment. It was then used in the

acylation of amine 223 (Scheme 3.9).

Me O

0 0. :

0]

OH . O’lk UY\

1 1it = _NBn

Me™ OH — Cl —

i Me 62% NB

© 53% 0 n

H
268 274 OJYOTK 278

Me O

Scheme 3.9 : Reagents : i) acetic anhydride, ii) thiony! chloride iii) 223, triethylamine, dichloromethane, 0 °C,
12h

From the nmr spectra of amide 278 it was immediately clear that despite
the appearance on paper, it was not C,-symmetric. Passing the compound through
a chiral HPLC column verified that the complex nmr was not the result of
racemisation of the acid chloride (and hence the formation of diastereoisomers), as
only one peak was present.

Furthermore, single crystals of the amide were successfully grown and an
X-ray diffraction structure was obtained (figure 3.2b)."*° Although the absolute
stereochemistry of the structure shown is not the same as the actual
stereochemistry (normal X-ray determinations do not disclose this), the relative
stereochemistry is correct. The analogous structure 227 (shown below) does retain
its Cp-conformation as shown by the nmr and energy minimisation structures

(figure 3.2a).'*!
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In a similar fashion, the use of mandelic acid would introduce a phenyl
group in the a-position. Unfortunately, conversion of the protected mandelic acid
into the acid chloride did not proceed and it was necessary to acylate amine 227
using just the protected mandelic acid, dicyclohexylcarbodiimide and 1-
hydroxybenzotriazole (to prevent racemisation). However, this reaction was very
slow. Nevertheless, the B-aminoalcohol that would result from amide 281 was
synthesised in one step from the reaction between amine 227 and (S)-(-)-styrene
oxide (Scheme 3.10).

on o7 0N

\) H i . OH il ‘\\\ Cl
oY = O
o

Fz' NBn iii, v.slow NH iv :
T = I, =T
47%
) NBn B NH )
(0] OH
o) j(
281 227 282

Scheme 3.10 : Reagents : i) acetyl chloride, acetic anhydride, pyridine, dichloromethane. ii) thionyl chloride,
dichloromethane. iii) 279, DCC, HOBT, dichloromethane. iv) (S)-(-)-styrene oxide

Amine 282 has been used by Mikami and co-workers in the enantioselective
protonation of samarium enolate 284. Mikami obtained product 285 in a 41%
enantiomeric excess, although the diastereomer of 282 gave 285 in only a 2%
enantiomeric excess. However, the proton source is the chiral B-aminoalcohol
itself and so the procedure is not catalytic due to the stoichiometric amounts of

ligand required to effect proton transfer (Scheme 3.11).'*?
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n o)
0o OMe i OSm ) o
Ph ii
OO
283 284 285

Scheme 3.11 : Reagents : i) Sml,, THF, chiral proton source 282.
3.3 Synthesis of secondary amides with multiple stereogenic centres

Acylation of (1R,2R)-(-)-trans-diaminocyclohexane 129 was possible
using unprotected L-mandelic acid in the presence of DCC and N-
hydroxysuccinimide in dry THF. The opposite diastereomer was synthesised in a

similar fashion using D-mandelic acid (Scheme 3.12).'*

Ph Ph
O A on ) o5 o
= _NH i :_NH, ii = _NH
L, = OL, =
0,
ToNH 56% TNw,  50% TSN
O)\rOH OJ\E/OH
Ph Ph
286 129 287

Scheme 3.12 : Reagents : i) L-mandelic acid, DCC, 1-hydroxysuccinimide, THF, 20 °C, 48 h. ii) D-mandelic
acid, DCC, 1-hydroxysuccinimide, THF, 20 °C, 48 h

One further stereoisomer that is possible is the ‘pseudo-meso’ isomer 293
(Scheme 3.15) where the stereogenic centre on one side of the molecule is the
opposite of that on the other side. This, in turn, destroys the C;-symmetry and
would provide interesting information as to the importance of having this
symmetry. In order to synthesise this particular isomer, it was thought necessary
to protect one of the amino groups on 129 with a BOC group to give (1R,2R)-1-
(N-t-butylcarbonylamino)-2-aminocyclohexane 249. This had already been
described by Nielson and co-workers (Scheme 3.13).'* This is to ensure mono-
acylation at the unprotected amine. The conversion required a large excess of

diamine and very vigorous stirring of the reaction mixture.
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0.0
H HI.,K

NH, :
( I 74% iINH
H NH H 2

129 249

Scheme 3.13 : Reagents : i) di--butyl dicarbonate, dichloromethane, 20 °C, 16 h

The mono-amine was then acylated with protected L-mandelic acid 288
because it was thought that the subsequent deprotection step using trifluoroacetic

acid might interfere with any free hydroxy residues (Scheme 3.14).

0 ‘h/‘ﬁ( y

i z-NH i
——— —_—

o A NH,
©\“\-“\WOH 39% 100%
0

o NH . H NH o
0 Y o) e
0 0
288 289 290

Scheme 3.14 : Reagents : i) O-L-acetylmandelic acid, HOBT, DCC, 249, dichloromethane, 20 °C, 48 h. ii)
trifluoroacetic acid, dichloromethane, 20 °C, 8h.

The free amino group of 290 was then acylated using the protected D-

mandelic acid under the same conditions (Scheme 3.15).

o 0
0
OH o’U\ H OJ]\
: | OH i OH ii :_NH
—_— —_—
fo) 87% o) 94% ) NH
o) O\n/

291 292 293

Scheme 3.15 : Reagents : i) acetyl chloride, acetic anhydride, pyridine, dichloromethane. ii) 290, HOBT,
DCC, dichloromethane, 20 °C, 48 h.
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NH, OH
‘,\-‘\r(OH i A _OH
h i
0 57% o)
294 295

Scheme 3.16 : Reagents : 2 M H,SO,, 2 M NaNO,, 0°C, 3h,20°C, 12h

Again, the acylation of amine 129 did not require protection of the hydroxyl
moiety and was effected using HOBT and carbonyldiimidazole instead of
dicyclohexylcarbodiimide in an attempt to prevent the awkward necessity of
~ having to separate the highly insoluble urea by-product. Amide 298 was obtained
in an 89% yield. The opposite diastereoisomer was also synthesised by
diazotisation of D-valine and subsequent acylation by the same means (Scheme
3.17).

NH, OH
OH i OH
——
0 46% 0o
296 297

298 129 299

Scheme 3.17 : Reagents : i) 2 M H,;SO,, 2 M NaNO,, 0 °C, 3h, 20 °C, 12 h. ii) 295, HOBT,
carbonyldiimidazole, 20 °C, 24 h. iii) 297, HOBT, carbonyldiimidazole, 20 °C, 24 h.

The ‘pseudo-meso’ isomer 301 was also synthesised. However, it was
discovered that it was not necessary to protect one of the amines of 129 and
mono-acylation was carried out by simply using 0.9 equivalents D-hydroxyvaleric
acid and under fairly dilute conditions. The mono-amide 300 was isolated as a
white solid, which was kept under vacuum until required for the next synthetic

step whereupon it was acylated with L-hydroxyisovaleric acid (Scheme 3.18).
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Scheme 3.18 : Reagents : i) 297, HOBT, carbonyldiimidazole, 20 °C, 24 h. ii) 295, HOBT,
carbonyldiimidazole, 20 °C, 24 h.

3.4 Reduction of amides with multiple stereogenic centres

The reduction of the tertiary amide 278 was performed in the same way as
it was for the tertiary amides discussed in chapter 2. Boron trifluoride etherate was
used as a Lewis acid and the reduction was effected with borane dimethylsulfide
complex (Scheme 3.19). Amine 302 regained the C;-symmetry that amide 278
lacked.

278 302

Scheme 3.19 : Reagents : i) boron trifluoride etherate, borane dimethylsulfide, THF, reflux 16 h

The secondary amines with multiple stereogenicity failed to reduce using
LiAlH, but were successfully reduced using the above conditions (Scheme 3.20).
The reduction of secondary amines was slightly more problematic than that of the
tertiary amines encountered. With tertiary amines, it was possible to punfy by
simple acidification to remove impurities and re-basification to obtain the amine.
However, with the secondary amines, there were many side-reactions, despite

using rigorously dry conditions, and it was necessary to $eparate the amines on a
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silica-gel column that had been eluted with 1% dimethylethylamine — this
minimises the ‘streaking’ — i.e. the large amount of hydrogen bonding that occurs
between the amine and the stationary silica phase. Nevertheless, the secondary
amines were separated successfully in this fashion. Amine 305 was solid at low
temperatures and so simply required filtering from the cold recrystallisation

solution.

N

- = ~
gY\OH (\OH gﬁ/\ OH y K_\OH
© NH NH

= _NH i ';NH = i H
L. =T . =
NH 32% TH NH 99%

g
=
0
=

NH

H H H

OJ\‘/OH KrOH o OH OH
286 Ph 303 Ph 298 304
Ph I
OH
= NH i % NH
L. I
65%
NH
A N

Ph Ph

gﬁ/'\OAC y (LOH 8 I
= _NH i z_NH :_NH i t’ NH
~ Oy =
40%
n NH onc B NH H NH o a

293 Ph 307 Ph 301 308

Scheme 3.20 : Reagents : i) BF;.OEt,, BH;.Me,S, THF, reflux, 16 h
All the secondary amines reduced successfully with the exception of 293

where not enough of the product was separated and purified for analysis due to

many other side reaction products being present.
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3.5 Other B-aminoalcohols with multiple stereogenic centres

The B-aminoalcohol system 309 has been synthesised in its racemic form

by Hancock and co-workers by the reaction of cyclohexene oxide and trans-1,2-

diaminocyclohexane (Scheme 3.21).'*

H
NH, i H NH
— (X
SNH -
H 2 H I?JH

206 309

OH
OH

Scheme 3.21 : Reagents : i) cyclohexene oxide, ethanol, reflux, 16 h

The interesting aspect of this reaction is that it is diastereoselective and so
Hancock observed that with racemic 206, only one diastereomeric pair was
produced. The reasoning behind this is that when one of the epoxides is opened by
one of the amines, the resulting alcohol hydrogen bonds with the second amine,

thus dictating the approach of the second cyclohexene oxide unit (figure 3.4).

:20 X QOH

NH
NHz S HO/__/ —_—— /_/NH
H,N H— H
.OH

T—=--

o

]

Figure 3.4 : The addition of one cyclohexene oxide unit dictates the approach of the other due to sterically
guiding hydrogen bonded structure (cyclohexane backbone of diamine omitted for clarity).

The use of enantiopure diaminocyclohexane would, therefore, produce a single
diastereoisomer. The procedure was successfully reproduced using racemic
diamine, except that yields of 309 did not exceed 10%, despite the literature

claims of 70%. A simple recrystallisation from acetone of the oil that was
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produced from the reaction, gave a stable white solid. However, when this
reaction was applied to enantiopure diaminocyclohexane, the product did not
recrystallise from acetone. Purification by column chromatography proved
difficult and several other methods for the separation were attempted. Firstly, it
was attempted to resolve racemic 309 with L-(+)-tartaric acid, and although a
complex was formed, recrystallisations from various solvents failed to resolve the
racemate. The separation of 310 from the oily product was then attempted by
insertion of copper, in an attempt to precipitate the copper adduct from the
mixture. However, this also failed. In the end, it was necessary to purify the
| product by several column chromatographic separations and then subsequent
recrystallisation from petroleum ether - an arduous procedure, which produced the
amine in only a 30% yield (although this is much greater than the yield for the
racemic product 309).

Eventually, the product was isolated and was shown to be a single
diastereomer by >C nmr. The attempted growth of a single crystal of this
compound was, however, unsuccessful, despite the fact that it formed long glassy
needles (Scheme 3.22).

/\; “OH
H
S NH, % NH
o, — K
NH NH
H 2 H
H:= LOH
129 310

Scheme 3.22 : Reagents : i) cyclohexene oxide, ethanol, reflux, 16 h, 30%

The synthesis of aromatic 3-aminoalcohol 311 was also attempted by the
addition of (S)-(-)-styrene oxide to 255 (Scheme 3.23). Unfortunately, this did not

afford the product and, indeed, no reaction took place.
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NO, NO,

H n1 Eh
L, == L e
TNH ) N/Y

Ph
NO, NO,
255 311

Scheme 3.23 : Reagents : (S)-(-)-styrene oxide, dichloromethane, reflux

3.6 N-Alkylation of secondary amines with multiple stereogenic centres

All the secondary amines that were synthesised were alkylated at nitrogen

in order to produce the corresponding tertiary amines. Tertiary -aminoalcohols

are especially interesting, as they have been shown to be highly enantioselective

in the addition of diethylzinc to benzaldehyde (see page 12).

Initially, N-methylation was attempted by using the Eschweiler-Clarke

reductive alkylation using formic acid and formaldehyde. This is the method of

choice for secondary -aminoalcohols as is shown by Naef and Schon in their

synthesis of N-methyl derivative 313 (Scheme 3.24).'*® However, in the case of

the C,-symmetric vicinal diamines discussed in this chapter, N-methylation by this

method was not successful. Possibly, this is due to steric factors relating to the

proximity of the amines with each other and also the crowded environment.

OHNC\/i o (™
OO OO

312 313

Scheme 3.24 : Reagents : i) HCO,H, HCHO, 100 °C, 4h
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Several alternative methods were attempted for introduction of an N-alkyl
unit. One early method involved the attempted condensation of formic acid with
the amine with the view of reducing the resulting formamide 314 (Scheme 3.24).
However, on monitoring the reaction by 'H nmr spectroscopy, despite the fact that
all the correct signals were present, the integration of the formyl peak was very
low, suggesting that acylation had only occurred at one of the nitrogen atoms.

Again, this may be to do with a sterically congested environment.

’ Q Q"o

I::j(l‘a " qN /O |-:-| N "
EINH N \O QN/
H:f LOH O/ : LOH

310 314 315

Scheme 3.25 : Reagent : i) Formic acid, 130 °C (sealed tube)

In a similar fashion, the N-acylation of amide 287 with acetyl chloride was
also attempted (Scheme 3.27) with the view that if the bis imide could be
obtained, then a single reduction would provide the tertiary amino alcohol. The
conditions for acylation of an acyclic amide in the presence of an alcohol have
been described by Grunewald and Brouillette, although this was in the synthesis
of the lactam derivative 317 (Scheme 3.26).147 It was these conditions, therefore,
that were used for the attempted synthesis of imide 319. Unfortunately, despite
extended reaction times, no acylation occurred and when potassium carbonate was

added as a mild base, acylation occurred only at oxygen to give 318 (Scheme

3.27).
0
HO , o § j\/Cl
Ph—\ijﬂH _‘___,Ph—‘:‘jq

Scheme 3.26 : Reagents : i) chloroacetyl chloride, toluene, reflux, 18 h
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Scheme 3.27 : Reagents : i) Acetyl chloride, potassium carbonate, toluene, 20 °C ii) Acetyl chloride, toluene,
reflux

N-methylation was eventually achieved under Eschweiler-Clarke
conditions with the use of a further hydrogen donor in the form of sodium
formate. This procedure has been used by Canterelli in his synthesis of 321
(Scheme 3.28).'*® All of the secondary amines discussed in this chapter were

successfully synthesised by this method (Scheme 3.20).
i /
OOy - OO

320 321

Scheme 3.20 : Reagents : i) HCHO, HCOOH, HCOONa, 100°C, 12 h
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Scheme 3.20 : Reagents : i) HCO,H, HCHO, HCOONa, 90 °C
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Enantioselective additions of diethylzinc to aldehydes.
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4.1 Use of ligands in the asymmetric addition of alkylzinc to aldehydes

As discussed in Chapter 1, the addition of alkylzincs to carbonyl
compounds is a reaction that has generated much interest over the years due to the
stereogenic centre that is formed as a result of the reaction. Most novel ligands
designed for this purpose are tested in the reaction of diethylzinc with
benzaldehyde (Scheme 4.1).

0 OH

17 18

Scheme 4.1 : Reagents : i) catalytic ligand, ZnEt,

It was the secondary amides (214, 215, 213, 210 and 218) that were first
used in an attempt to effect catalysis of this reaction. It was hoped that they would

act in the same way as sulfonamides 50 and 51 discussed on page 16.

Cl

H
dNH OH C:FNH (j:NH @NH
NH OH NH NH NH
H H H H

Ci
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In a similar fashion to bis-sulfonamide ligands 50 and 51, titanium
isopropoxide was used in conduction with the secondary amides so as to produce
a catalytic complex. Amides 214 and 215 would resemble bidentate ligand 50 and
amides 213, 210 and 218 would resemble tetradentate ligand S1. The reaction was
carried out at a low temperature (-30 °C) because titanium isopropoxide is
sufficiently Lewis acidic to catalyse the 1,2-addition itself. This activity is
significantly decreased at lower temperatures. The titanium isopropoxide was also
used in a slight excess over the substrate (i.e. not in just catalytic quantities), as it
was required to remove the alkoxide that was formed from the titanium
| catalyst.>?*?” Each of the amide ligands was heated with titanium isopropoxide in
toluene for over an hour before cooling to —30 °C (electric cooling bath) and
injection of the necessary reagents (Scheme 4.2). Unfortunately, the amide ligands
did not act as the sulfonamides and only starting materials were obtained from the
reaction. No catalyst was recovered, however, suggesting that it had been
consumed. The same set of amides were attempted without the use of titanium
isopropoxide (i.e. in a similar fashion to the $-aminoalcohols), but again failed to

produce any reaction.

o) OH

i
17 18

Scheme 4.2 : Reagents : i) ligand 214, 215, 213, 210 or 218, Ti(OiPr)4, ZnEt,, -30 °C, 16 h

It was decided that the donor properties of the amide were insufficient to
bind to any metallic centre and so the attention was turned to the B-aminoalcohols.
Amines, with their ‘free’ lone pair of electrons are ideal in the co-ordination to
metals — particularly transition metals. The reaction was simply a matter of
dissolving the ligand in toluene, adding benzaldehyde and stirring for around half-

an-hour, followed by injection of the requisite amount of diethylzinc.
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The first of the 3-aminoalcohols to be tested were 224 and 225. These are
similar in structure to ligands 44 and 45 (page 15). The reactions were performed
at either =30 °C or 0 °C and in toluene. In general, it has been observed that

toluene gives higher enantioselectivities than hexane.'*® Unfortunately, neither
ligand gave any of the desired product.

(IN\/\OH O‘:N\/\OMe
) N/\/OH 1 N/\/OMe

224 225

u
I

Furthermore, ligand 224 produced a small amount (10%) of benzyl alcohol
in the reaction at —30 °C. At this temperature, the formation (if any) of chiral 1-
phenylpropan-1-ol is much slower and so a hydride transfer reaction becomes
more favoured. There have been two postulated mechanisms for the formation of
benzyl alcohol. Firstly, hydride transfer to benzaldehyde occurs from the terminal
hydrogen of the ethyl unit on zinc (Scheme 4.3a) and secondly, the hydride
originates from the newly formed chiral zinc alkoxide (Scheme 4.3b). Since, at 0
°C, no enantiopure alcohol is obtained at all, it seems the most likely scenario in

this case was Scheme 4.3a.'%’

a)
Ph.__O.
-~ Se
V2 5 znEt HCI
. -CH
HD (L, T PINOZEL 4O s PROH et
H HH
b)
Ph_ _O. . :
7{3;3@ g xa 2
H : Ph.__OH
H '/O —» Ph _OZnEt + Ph” “Et — o +  ph” Rt
Et Ph

Scheme 4.3 : Showing two possible mechanisms of hydride transfer to produce benzyl alcohol



Chapter 4 Enantioselective additions of diethylzinc to aldehydes 114

It was thought that the reason for 224 failing to catalyse the reaction was
due to the rigid nature of the structure and the resulting inflexibility of the ligand,
unlike the literature examples 44 and 45 where the aminoalcohols are fairly
unrestricted (figure 4.1). Ligand 44 is free to rotate around the ethylene backbone
and the 1,3 nature of ligand 45 gives it the freedom to form dimers with other
molecules. It was thought that this inflexibility and the tetradentate nature of the

224 were giving rise to catalytically inactive zinc structures.

Ph Me  Ph (@
Meﬁ)\OH N oH H
N \ = N ~on
\E(N/ N  OH q'iN/\/OH
w~__OH
Me j\ﬁ/h MeHPh K@
44 45 224

Figure 4.1 : Tetradentate ligands 44 and 45 are generally quite flexible unlike rigid 224.

Since it was necessary to keep the chirality inducing cyclohexane
backbone (and thus the 1,2-relationship) it was decided to use tridentate ligand
240a was used in the reaction. It was hoped that this would prevent the problems
of steric congestion and allow the reaction to proceed either in the same way as
the monomeric B-aminoalcohol units, where the N,N-dibenzyl amine has little
influence over the catalytic co-ordination structure or as the tri-dentate ligands

discussed in section 1.3.2 (e.g. 29 and 30).

\/@ y
N
o4 D
} N/\/OH HOH OH _
©) 240a 29 30

.0



Chapter 4 Enantioselective additions of diethylzinc to aldehydes 115

Again, no catalysis was obtained with ligand 240a under normal
conditions. However, lithiation of the alcohol to form a lithium alkoxide —
conditions used by Corey in conjunction with ligand 31 (giving proposed catalytic
structure 37 — see page 13) did give a small amount of catalysis. Chiral alcohol 18
was obtained in a 12% yield and a 5% enantiomeric excess of the (S)-isomer

(Scheme 4.4). Suffice to say, ligand 240b did not produce any catalysis under

o S

either set of conditions.

NTH Y N/ T
! j '\he 4L'\ N /\/OMe
Me Lo~ “ph 9 0~ “Ph H
s
Ph JZn,_
H gt” “Et
31 37 240b
o) OH
i
17 18

Scheme 4.4 : Reagents : i) n-BuLi, ZnEt,, ether, -78 °Ct0 0 °C, 16 h.

Although tridentate ligand 270 performed marginally better than the
tetradentate ligands, the yields and enantioselectivities were still low. It was
thought that this was due to the steric congestion imposed by the benzyl units on
nitrogen preventing any catalytic complex from forming.

In an attempt to resolve this, ligands 241 and 242 were designed. The N-
benzyl moieties were replaced by NH in ligand 241 and N-Me in ligand 242.

HH H
:E:N\/\OH (I \/\OH
H H H

241 242
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Ligand 241 gave 18 in a much improved yield of 30% (Scheme 4.5),
although the enantiomeric excess was still low, at around 8% in favour of the (S)-

enantiomer. Ligand 242, however, in the same way as ligand 224 did not give any

product at all.
o) OH
i
SR A
17 18

Scheme 4.5 : Reagents : i) ZnEt,, toluene, -30°C, 16 h

Nevertheless, the success of ligand 241 at giving a greater yield of 18 led
to the investigation of introducing a further chiral centre on the B-aminoalcohol.
This would give a ligand that would resemble the ephedrine class of models and,
therefore, hopefully give improved enantiomeric excesses. Ligands 303 and 305
were made, where the extra stereogenic centre was alpha to the alcohol. The
introduction of the new chiral centre gives rise to the possibility of

diastereoisomers, hence the existence of two different ligands.

®

(\ OH ’ OH
NH :_NH
NH q

TNH

OH OH

52

303 305

These new ligands successfully catalysed the reaction (Table 4.1).
Furthermore, it was shown that the main source of chiral induction was from the
new chiral centres. This was for two reasons. Firstly, the enantioselectivity was
much greater than it was in the case of the analogous ligand 241, which does not

have any extra stereogenic centres, ie. the stercogenic centres of



Chapter 4 Enantioselective additions of diethylzinc to aldehydes 117

diaminocyclohexane have an inferior enantioselective effect compared with the
extra chiral centres that were introduced in 303 and 305. Secondly, and most
interestingly, the enantiomer selectivity of the reaction switched in accordance
with the absolute configuration of the extra chiral centres. This is similar to the
effect observed in ligands 19 and 20 on page 11 where the change in absolute
configuration of the ligand leads to a change in the absolute configuration of the

product.
Entry Ligand Config. of  Yieldof E.e.of18, Config. of
extra chiral 18, % % 18
centre
1 241 n/a 30 8 S
2 303 R 40 23 (R)
3 305 &) 42 45 S

Table 4.1 : A change in the absolute configuration of the extra chiral centre gives rise to a change in the
enantioselectivity of 18, suggesting that these stereogenic centres have the most chiral control.

The proposed model for this phenomenon involves complexion of the tetradentate
ligand around zinc to build a ‘wall’. For example with ligand 303, (figure 4.2a),
the phenyl group of the ligand points away from the chiral pocket slightly,
enabling the benzaldehyde to take a more central position. Ethyl delivery,
therefore, occurs on the non-wall side, where there is less steric hindrance. In the
case of ligand 305, however, the phenyl group of the ligand points towards the
chiral pocket. This has the effect of shifting the benzaldehyde into a position
almost perpendicular to its original position. This exposes the previously hindered
side (the si-face) to alkyl attack; furthermore, this si face is far more exposed than

the re face. This is a possible reason for the relatively high enantioselectivity.

Delivery difficult PhCHO shifts its position
to this face to accomodate the new
posmon of the phenyl group
Ethyl delivery — ‘;;.H
9 "H
L m
N- \i’ -0 .-o
n"J/ ~~2
&O/zn"/ O/ZIL/
H ) N
a b

Figure 4.2a) Proposed Ligand 303 complex. b) Proposed Ligand 305 compfex
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The success of ligands 303 and 305 led to the investigation of the C,-
symmetric f3-aminoalcohol 310 containing multiple stereogenic centres. This
proved to be the most successful of all the ligands tried up to this point, giving
(R)-18 in a 50% yield and an 80% enantiomeric excess. Several other aldehydes

were successfully alkylated using ligand 310 (table 4.2).

i OH
R™ 'H R

18 :R=Ph-
H "

OH 328 : R =p-MeO.CH,
O’ 329 : R = PhCH=CH-
330 : R = PhCH,CH,-
310 331 : R = 2-naphthyl

Scheme 4.6 : Reagents : i) ZnEt,, 310, 10 mol%, -30 °C (except 331,0°C), 16 h

Product Yield,% E.e.,% Config.
18 50 80 (R)
328 74 56 R)
329 72 41 (R)
330 60 45 (R)
331 95 60 (R)

Table 4.2 : Various alkylations were catalysed by 310 to generate predominantly the R-enantiomer in all
cases

All the secondary amines (303, 304 and 310) were subjected to N-
methylation to form the corresponding tertiary amines (322, 324 and 327
respectively). These were also tested in the addition of diethyl zinc to
benzaldehyde, as tertiary aminoalcohols are prevalent in literature. Again, all three
ligands catalysed the addition of diethylzinc to benzaldehyde. However, in all

cases, the enantioselectivity was reversed with N-methylation (table 4.3).

A O
. y .
! (" oH H H\o WY oM
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Ligand Yield% E.e.,% Config. Ligand Yield,% E.e.,% Config.

303 40 23 (R) 322 55 54 )
305 42 45 S 324 51 16 (R)
310 50 80 (R) 327 25 92 S)

Table 4.3 : N-methylation leads to a reversal in enantioselectivity.

Of all the ligands, the most dramatic reversal in enantioselectivity was the
difference between 310 and 327, going from 80% (R) to 92% (S). This
phenomenon can be accounted for by the mechanisms shown below (Schemes 4.7
and 4.8). In both cases, the carbonyl group of the aldehyde interacts with the zinc
- atom “co-ordinated to the diamine unit. With ligand 310 the NH group is
sufficiently small to accommodate the phenyl ring of benzaldehyde (334). As in
the case of 303, the flanking aminoalcohol unit (in this case the
aminocyclohexanol) could create a ‘wall’ to prevent delivery from that side. The
ethyl unit would then be delivered (334 > 335) to give (R)-18.

Et,Zn Et,Zn
310 ———> —
332

H
©\-’rEt '%
OZnEt

(R)-18

Scheme 4.7 : The phenyl group of the benzaldehyde is able to position itself as shown to give (R)-18.
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However, when there is a methyl group on nitrogen, the phenyl ring of
benzaldehyde is sufficiently hindered so as to force the benzaldehyde to adopt a
less sterically hindered position. In this position, the formyl hydrogen atom is
proximal to the N-methyl group, thereby leading to si-face addition and, therefore,
predominantly the (S)-enantiomer (Scheme 4.7). In this case, the phenyl group
must be closer to the aminocyclohexanol ring (338), and the need to adopt this
sterically congested assembly (although this is still preferential to the phenyl
group being near the N-Me group) may, in part, account for the generally lower

yields, but predominantly (S)-products, '>0* ¢e¢ eppendix B)

336

339

338

Scheme 4.8 : The N-methy! group forces the substrate to reverse its positioning.

The enantioselectivity in the addition of diethylzinc to p-
methoxybenzaldehyde was also reversed using ligand 327. Where (R)-328 was
produced with the non-methylated ligand 310, (S)-328 was produced in an 18%

yield and 52% enantiomeric excess.
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Furthermore, the alkylation of benzaldehyde was also conducted at 0 °C
and in the case of ligand 310, a quantitative amount of (R)-18 was produced but at
a significant reduction in enantioselectivity (64%). Ligand 327 gave (S)-18
(again), in an improved 68% yield but also in a lower enantioselectivity (75%).

These differences can be attributed by two factors. Firstly, the higher
temperature eliminates the competitive formation of benzyl alcohol (discussed on
page 113) thereby making the catalytic pathway the favoured reaction, giving a
better yield of alcohol. Secondly, the lower enantioselectivities are most probably
due to the increased temperature making the ligand (and indeed the catalytic

| structure) more flexible, thereby making the alkyl delivery much less specific.

The four-membered transition state (ZnOOZn) has also been proposed by

Cozzi and co-workers who used ligand 340 in the addition of diethylzinc to

151

benzaldehyde. " The transition state that they proposed (341) is similar to those

shown in the previous schemes (i.e. 334 and 338).

|
qlgN OH -
lesZy
N on
340 341

Other examples of the observed reversal in enantioselectivity are rare; one
observation by Wang and co-workers saw a reversal in the enantioselectivity of
the using ligands 342 and 343."> With ligand 342, they obtained (R)-18 in a 36%
enantiomeric excess, but with 343 they obtained (5)-18 in an 82% enantiomeric
excess. Wang suggests that the extra bulk of the pyrrolidine ring blocks the
approach of the benzaldehyde, thereby forcing it to adopt a different position

which happens to favour production of the opposite enantiomer.
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OH
H Ph

342 343

Another example of this phenomenon includes that discussed in Chapter 1 (page
45) where Asami effected the asymmetric deprotonation of cyclohexene oxide
using various diamines. The bulkiness of these diamines, dictated the approach of
the cyclohexene oxide substrate (170 where R is small and 171 where R is large;

" cy=cyclohexyl).®?

170 171

One final example where this occurs is in the asymmetric transfer
hydrogenation of various carbonyl compounds, as studied by Marson and Schwarz
(Scheme 4.8)."°%® They observed that the enantioselectivity of this reaction

changes on going from ligand 344 to ligand 345 (table 4.4).

. NH, H ft*

344 345
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0 OH

o X &

346 347

Scheme 4.9 : Reagents : i) KOH (10 mol%), 344 or 355 (2 mol%), RuCl,(PPh,); (1 mol%), 20 °C,24h

Ligand Yield of 347 E.e..% Config.
344 29 48 S
345 64 16 (R)

Table 4.4 : An example of where N-alkylation of a ligand gives a reversal in the enantioselectivity of the
subsequent reaction.

4.2 Other ligands used in the asymmetric addition of diethylzinc to
benzaldehyde

Some other ligands were used in the addition of diethylzinc to
benzaldehyde but with varying success. Ligand 233 was studied because it was
thought that it resembled a tertiary aminoalcohol (see diagram). Indeed, the ligand
did catalyse the reaction to greater than stoichiometric quantities, but the yield of
18 was very low (15%) and the enantioselectivity induced by the
diaminocyclohexane unit was only in the order of 13% in favour of the (R)-
enantiomer. Finally, ligand 302 was used in the same reaction and gave a
respectable yield at 0 °C of 60%, but a very low enantiomeric excess of 4% in

favour of the (S)-enantiomer.

l\:/le
__ Ph_ Ph H (" OH
H WH = >_< = _NBn
N N HO N—
H / 1 *NBn
OH
Me

233 : 15%yield, 13% e.e. (R) 302 : 60% yield, 4% e.e. (S)
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4.3 Conclusions

It has been shown that both secondary and tertiary f-aminoalcohols
catalyse the addition of diethylzinc to benzaldehyde effectively. However, in both
cases, it is essential to have at least one chiral centre on the 3-aminoalcohol arm.
The introduction of such a chiral centre in the case of C,-symmetric amines gives
rise to the possibility of diastereomers. It has been shown that in all cases,
opposite diastereomers gives rise to a reversal in enantioselectivity. The fact that
~this reversal is not total (i.e. opposite diastereomers do not give the same
enantiomeric excesses) suggests that the chiral centres of the diaminocyclohexane
are involved. In the cases where high enantiomeric excess is achieved, the
stereogenic centre on the B-aminoalcohol is working in tandem with the
stereogenic centre of the diaminocyclohexane and hence they are referred to as
being matched. Where the enantioselectivities are low, i.e. both enantiomers of the
reaction are being produced in quantity, the stereogenic centres are most probably
working against each other, and are known as mismatched.

Most interesting is the reversal of enantioselectivity with the conversion of
a secondary [-aminoalcohol to a tertiary one. Although, in general, the
enantioselectivities are modest, this is a concept that has much potential. This is
because normally to produce a product in its opposite configuration, the chiral
catalyst that is used must also be of the opposite configuration. Since many of
these ligands are derived from natural products such as amino acids, this means
that the opposite configuration needs to be derived from the ‘un-natural’
compounds. This can be expensive as well as laborious. However, reversal of the
enantioselectivity by simple conversion of the secondary amine to a tertiary one
is, in comparison, much cheaper and far less of a task.

Perhaps the one improvement that could be made is the use of two chiral
centres on the P-aminoalcohol, in analogy with the ephedrine variety of
molecules. This, as has been shown in the case of ligands 310 and 327 could give

markedly improved enantiomeric excesses.
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5.1 Use of chiral amides in the enantioselective Michael addition

The 1,4-conjugate addition, or Michael addition, as it is often referred to,
is a classical carbon-carbon bond forming reaction. " It is of particular interest
due to the formation of a new stereogenic centre. There are various methods by
which the enantioselective process has been achieved. Amides®, amines®' and p-
aminoalcohols'***? have all been used to catalyse the addition to varying degrees

of success (see chapter 1.4).

In an attempt to mimic the success of amide 132 described by Pfaltz and
co-workers®” in the addition of dialkylmalonates to chalcone (Scheme 5.1),

various amide ligands derived from enantiopure diaminocyclohexane were used.

o O
N N oy L
N N (o) . O OEt
-~ - 1
e — 07T
132 133 134a

Scheme 5.1 : Reagents : Diethyl malonate, [Co(OAc),].4H,0 (4 mol%), amide ligand (6 mol%), Hiinig’s
base, EtOH, 20 °C, 15h

The amide Pfaltz used was a C;-symmetric tetradentate ligand. Several of
the amides synthesised previously fitted this category. Some bidentate ligands
were also attempted in the addition. The first amide that was used was the C,-
symmetric difluorine compound 210, which appeared to produce (R)-134a in a
21% yield and a 2% enantiomeric excess. This led to the use of the C,-symmetric
bis-trifluoroacetamide ligand 218. This gave 134a in a 50% yield but did not
provide any enantioselectivity. The last fluorine ligand to be used was 216 which
produced 134a in a 23% yield, but again, with no enantioselectivity.

The C,-symmetric hydroxy ligand 213 only produced 134a in a 9% yield
and again, non-enantioselectively. Bidentate ligands 214 and 215 were also
applied to the reaction, but only gave yields of 14% and 35% respectively, both

with no enantioselectivity.
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The reaction was then studied without the use of any catalyst and, indeed a

yield of 134a was obtained, suggesting that none of the amides that were used

actually catalysed the reaction and in the case of amide 210 the 2%

enantioselectivity is most probably erroneous due to the 2% margin of error

associated with high performance liquid chromatography. In the case of Pfaltz’s

ligand, the rate of the enantioselective reaction must be much faster than the non-

enantioselective process. As stated in the Pfaltz paper, the reason for the low

yields is unclear.
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5.2 Chiral amine 310 as a crown ether substitute

The ability of crown ethers to accommodate a potassium or sodium cation
within is the facet that allows them to catalyse various chemical processes. The
Michael addition has been the most extensively studied of these reactions and in
the case of chiral crown ethers, the asymmetric Michael addition.

Podand ligand 310 was applied in the conjugate addition of methyl
phenylacetate to methyl acrylate (Scheme 5.2); a popular reaction by which new
potential catalysts are tested (see Chapter 1.4.1). It was hoped that 310 would be

‘able to accommodate the potassium cation and thereby catalyse the process.
Unfortunately, this did not occur and only starting materials were recovered.
Sodium was then used, due to its smaller atomic radius as it was already known
for 310 can accommodate copper“s and although slightly larger, sodium is closer
in size to copper than is potassium. Again, however, this failed to produce any
reaction; presumably the structural constraints of the ligand fail to allow insertion

of such cations.

310
0._0OMe
OMe OMe i OMe
+ Z
ORGSO N
77 78 79

Scheme 5.2 : Reagents : i) 310 (10 mol%), +-BuOK or £-BuONa (10 mol%), toluene, -78 °C
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5.3 Nickel-catalysed asymmetric Michael additions

The use of transition metals, particularly Nickel, has been the main focus
of attention in the asymmetric Michael addition (see Section 14.3),3253:3455
Perhaps the most promising ligands for the catalysis of this process are the B-
aminoalcohols and these are certainly the most extensively studied. The reaction
that is used as the ‘yardstick’ to test new ligands is the conjugate addition of
diethylzinc to chalcone (Scheme 5.3). This is particularly useful because of the
stability of both chalcone and the product, which can be easily separated by
“simple flash column chromatography. Furthermore, the chromophore properties of
the product allow the determination of the enantiomeric excess by high

performance liquid chromatography.

T -G

Scheme 5.3 : Reagents : i) chiral ligand, Ni(acac),, MeCN, -30 °C

There are several conditions that are required for this reaction. In the case
of B-aminoalcohols, a tertiary amine is required. This is to allow the nickel to
adopt the correct electronic configuration required for catalysis and substrate
aggregation (see pages 30-31). Secondly, it is essential that the nickel be bound to
the ligand. This is because Ni(acac); catalyses the reaction non-enantioselectively.
The low temperature not only helps give optimal enantioselectivity by producing a
rigid catalytic structure, but also by inhibiting the non-enantioselective process.

The first ligand to be used in this way was 240a. This ligand was not C,-
symmetric, but nevertheless had the two sterecogenic centres of
diaminocyclohexane and a single B-aminoalcohol unit (most of the literature
examples of successful ligands contained a single chiral B-aminoalcohol unit).
This successfully catalysed the production of 103b quantitatively but only in a 2%

enantiomeric excess in favour of the (S)-enantiomer.
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C,-symmetric ligand 224 was also utilised in the process and gave the
much more modest yield of 57% but in a similar enantiomeric excess of 3% in
favour of the (S)-enantiomer. It is possible that in the case of ligand 240a, only the
-aminoalcohol linkage aggregates around the nickel centre (figure 5.1), whereas
the whole of ligand 224 aggregates around the nickel so that the stereogenic
centres of the diaminocyclohexane are closer to the nickel centre. This is a
possible reason for the slightly higher enantiomeric excess. Nevertheless, it is
clear the chiral centres of the diamine are insufficient to induce sufficient chirality

on the process.

z N\/\ z . /O
e —
N/\/OH N’ o)
H H |N~—

Figure 5.1a) The B-aminoalcohol unit of 240a binds, but the chiral centres of the diamine are remote. b) With

ligand 224 despite the proximity of these stereogenic centres, they fail to promote any enantioselectivity.
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The lower yields associated with ligand 224 might be due to the more
sterically hindered environment. The benzyl groups are sufficiently large to make
substrate approach to the metallic centre that little bit more difficult than the

relatively constraint-free environment of figure 5.1a.

It was hoped that by reducing the size of the N-alkyl group and the
introduction of chiral groups on the B-aminoalcohol would improve both the
yields and enantioselectivities. Ligands 322 and 324 were the first ligands to be
tested that fulfilled both those criteria. The N-methyl groups were small enough
not to inhibit substrate approach and the additional chiral centres were hoped to
improve the enantioselectivity of the process as they did in the case of the addition

of diethylzinc to benzaldehyde (see chapter 4).

322 324

Both these ligands successfully catalysed the reaction. Ligand 322 gave
(R)-103b in a 72% yield and a 37% enantiomeric excess. This seemed to confirm
that the use of smaller N-alkyl groups led to higher yields. Furthermore, it was
clear the introduction of these extra stereogenic centres was the main factor in
giving better enantioselectivities. Ligand 324 gave a similarly improved yield of
68%, but this time (S)-103b was produced in a 10% enantiomeric excess. This
seemed to imply two things. Firstly, the main factor in determining the
enantioselectivity of the reaction was the absolute configuration of the new chiral
centres. A reversal in this absolute configuration gives rise to a reversal in the

enantioselectivity. Secondly, the new chiral centre does not wholly determine this
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selectivity. The fact that the enantiomeric excess does not go from 37% (R)-103b
to 37% (S)-103b upon reversal of the absolute configuration of the new centre
suggests that the new chiral centre is in the first instance working with the
stereogenic centre of the diaminocyclohexane (i.e. matched) and in the second

instance it is working against it (mismatched).

A further set of ligands was synthesised in which the extra stereogenic
centres were isopropyl groups rather than phenyl groups. All three diastereomers
were synthesised 323, 325 and 326 (in the case of the previous set, synthetic

| problems prevented the preparation of the ‘pseudo-meso’ isomer).

(-\OH OH OH
H d N

z
N/
z
\ /
S
N/

323 325 326

Ligand 323 gave (R)-103b in a chemical yield of 63% and a 13%
enantiomeric excess, whereas with ligand 325, (S)-103b was produced in a 70%
yield but only an 8% enantiomeric excess. In contrast, the curious non-C,-
symmetric ligand 326 gave a fairly high chemical yield of 103b (61%), but no
enantiomeric excess at all.

Again, despite the fairly low enantioselectivities (although fairly consistent
yields), there is a similar pattern to the previous set of ligands - there is a matching
and mismatching effect. Furthermore, the matching effects occur in both ligands
where the extra stereogenic centre is pointing in the same direction as the chiral
proton of the diaminocyclohexane.

The enantioselectivity of the process can be explained by the models
shown in figure 5.2, 5.3 and 5.4. With ligands 322 and 323 (figure 5.2), the extra

chiral centre is at a fairly perpendicular angle. The chiral proton of the
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diaminocyclohexane depicted points up as does the methyl group on the opposite
nitrogen atom. This has the effect of producing a channel which is fairly
restrictive of any movement of the substrate once it has ‘docked’. The closer side
of the chalcone molecule shown (the re-face) is blocked by the extra chiral centre

and so forces alkyl delivery to occur from the opposite si-face.

N-_ '(3“: \OZn/ . O ® O

'/ .\'O' o) H "‘Et

103b

Figure 5.2 : A channel is formed owing to the positioning of the chiral methylene units in

diaminocyclohexane, the N-methyl group and the new stereogenic centre.

However, with ligands 324 and 325, the chiral group on the B-
aminoalcohol is not only on the opposite side, but is also at a slight angle (i.e. not
so perpendicular). This leads to the formation of a slanted wall rather than a
channel which, although still sufficiently restrictive enough to favour one
enantiomer, allows the substrate to move much more freely giving lower
enantioselectivities (figure 5.3). The chalcone molecule would also reside in the
position (shown) where there is minimum steric hindrance, and so the alkyl group

is delivered to the re-face.

103b
Figure 5.3 : Altering the absolute configuration of the chiral group on the B-aminoalcohol destroys the

channel and instead forms a wall into which the chalcone attempts to settle almost parallel.
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Lastly, in the non-C,-symmetric ligand 326, the two non-equivalent
stereogenic centres are both pointing in the same direction, thereby virtually
blocking off one face of the molecule. The accessible face of the molecule has a
very poor chiral environment as there are no guiding factors for the alkyl group

consistent the 0% enantiomeric excess obtained using this ligand (figure 5.4).

Me R
H |
N ol oy e
NiiR O,':'Z“ - et H
R P o}
0 / (#)-103b
ro"\\\‘! .
i

Figure 5.4 : With the non-C,-symmetric ligand, one face is virtually blocked, forcing the chalcone to
approach from the side, leading to virtually no asymmetric induction.

5.2.3 Other ligands used for the asymmetric Michael addition

The enhancement of the sigma interaction between the carbonyl group of
the chalcone and the nickel centre was also attempted by substituting N-Me with
N-p-nitrobenzyl. The electron-withdrawing properties of the latter group would
make the nickel atom slightly more electropositive, thereby enhancing the
interaction of the & carbonyl and the metal. Unfortunately, this compound could
not be successfully synthesised (see page 106, scheme 3.23). However, ligand 256
was, and it closely resembled a ligand used by Asami and co-workers'*’ 348
(Scheme 5.4) in that it contained a secondary aromatic amine vicinal to a tertiary
aliphatic amine. Asami obtained (S)-103b in a 36% e.e. and an 88% yield
Unfortunately, however, no product was obtained using ligand 256. This was

probably due to side reactions of diethylzinc with the nitro group.
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Scheme 3.23 : Reagents : i) NiCl, 3 mol%, 348 30 mol%, -30 °C.

5.3 Conclusions

Again it has been shown that it is the B-aminoalcohols which have the
most potential as catalysts in the asymmetric Michael addition. As with the
addition of diethylzinc to benzaldehyde, it has been shown that the stereogenic
centres within the C,-symmetric ligands can help or hinder each other - thus
confirming the phenomenon of the matching and mismatching of chiral centres
within a ligand. However, the modest enantioselectivities obtained with these C,-
symmetric catalysts suggest that they are not really ideal as catalytic systems,
although further work would introduce many varying groups on the stereogenic
centre alpha to the alcohol in order to really understand the scope of these

catalysts.
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6.1 Asymmetric epoxidations

The asymmetric epoxidation is a widely used technique in asymmetric
synthesis. This is because chiral epoxides are an effective source for the
stereocontrolled introduction of a nucleophile adjacent to a chiral alcohol (which
is itself a useful group for functional group interconversions).

The lability of the titanium-oxygen bond is the prime reason for the
success of the Sharpless asymmetric epoxidation. The ability for the substrates to
attach themselves around this metallic centre and disassociate easily is what
" makes the reaction catalytic (see section 1.5.1). The chiral source of the
epoxidation is the tartrate unit and the absolute configurations of the chiral centres
within this dictate the enantioselectivity of the reaction. It is conceivable,
therefore, for any chiral diol to exert some chiral control upon this reaction, as
long as the resulting structure is geometrically possible. C,-symmetric diamine-
diol 224 was used with this in mind. It was hoped that where the use of a tartrate
normally forms the catalytic structure 139, ligand 224 might for analogous
catalytic structure 349.

g
OiPr§ \
tBu $i> N tBu

139 349
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The epoxidation was performed on geraniol;, an allylic alcohol whose
epoxidation is well documented.">* The reaction was carried out under exactly the
same conditions as for a normal Sharpless asymmetric epoxidation save for the
direct replacement of the tartrate with ligand 224 (Scheme 6.1). This gave a 22%
yield of 351.

i 0
i
WOH —_— Y\/\f\/OH

350 351

Scheme 6.1 : Reagents : i) Ti(OiPr),, 224, t-BuOOH, 4A molecular sieves, DCM, -20 °C.

Initially, the introduction of a phenyl group into 351 by acylation of the
alcohol with diphenylcarbamy! chloride was attempted. This would allow analysis
of the enantiomeric excess by HPLC. Unfortunately, this led to a mixture of
compounds of which 352 and 353 were identified in the low resolution mass
spectrum (the HCI that was produced presumably added across the double bond in

a Markownikov fashion, Scheme 6.2).

Scheme 6.2 : Attempted O-acylation with diphenyl carbamy! chloride led to a mixture of compounds.

Fortunately, the optical rotation of the 100% optically pure material is
known and so the enantiomeric excess of the material produced in this reaction
could be discerned, as is common practice. It was found by this method that the
enantiomeric excess relative to this value was 5% in favour of the (S)-enantiomer.
However, in practice this method has a similar error margin and so all that can be
deduced is that the enantioselectivity of ligand 224 is either very low or none at
all.
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The epoxidation using the Julia-Colonna methodology discussed in
Section 1.5.3 was applied to ligand 213 in the hope that the intramolecular
hydrogen bonded system might act in the same way as poly-L-leucine. This rather
naive position was taken in the epoxidation of chalcone with 213 and did give

epoxychalcone in a yield of 12% but with no enantioselectivity (Scheme 6.3).

0] o 0
S i
saacEoaas
102a 157

Scheme 6.3 : Reagents : i) Ligand 213, toluene, H,0,, NaOH

6.2 Asymmetric deprotonations

A key feature of many of the ligands used to induce chirality on lithium
mediated reactions is that they have a tertiary amine with another heteroatom,
commonly a secondary amine, in a position beta to it (see section 1.6). With this
in mind, ligand 233 was used in the attempted desymmetrisation of cyclohexene
oxide which had already been successfully carried out using ligand 354, available
from Aldrich. Unfortunately, the use of ligand 233 did not produce any allylic
alcohol product (Scheme 6.4).

RETIP N
>, TN

164 165 354
PhW
‘_ 44
11
0 —%— @ q
@ O
Ph
164 165 233

Scheme 6.4 : Reagents : i) 354, diisopropylamine, DBU, THF, n-BuLi, 0 °C, 24 h. ii) 233, diisopropylamine,
DBU, THF, #-BulLi, 0 °C, 24 h.
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Ligand 233 was also attempted in the deprotonation of 4-tert-
butylcyclohexanone. This was also successfully executed with ligand 354, but
again ligand 233 failed to give any deprotonation product at all (Scheme 6.5). It
was thought that this was due to the benzyl groups on the diamine being to large
and bulky for any substrate to orientate around. This was the primary reason for
the attempted synthesis of ligand 248, although the enantiopure synthesis of this

was eventually abandoned (see section 2.5).
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Scheme 6.5 : Reagents : i) 354, n-BuLi, hexamethylphosphoramide (HMPA), -78 °C, 1 h, trimethylsilyl
chloride, -78 °C, 15 min. ii) 233, n-BuLi, hexamethylphosphoramide (HMPA), -78 °C, 1 h, trimethylsilyl
chloride, -78 °C, 15 min.
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6.3 Asymmetric hydrocyanations

The enantioselective addition of a cyanide group to a carbonyl is another
important carbon-carbon bond forming reaction as has been discussed in section
1.3.4. Amide ligands 286 and 287 were attempted in the addition of
trimethylsilylcyanide to benzaldehyde (scheme 6.6)." It was hoped that they

would resemble amides such as that used by Inoue® in that they were optically

gﬁ/g\oH
z _NH

o)
H d
O N N : : NH
QXX O
N"~o N NH NH

0 OH
65 286 287

pure and had two secondary amides.

17 54

Scheme 6.6 : Reagents : i) Ti(OiPr),, 4A molecular sieves, TMSCN.

Unfortunately, the results to this reaction were highly inconsistent and the
enantioselectivities ranged from 10% of (S)-54 to 94% in the case of ligand 286.
Enantioselectivities for the reaction using amide 287 as a catalyst gave (S)-54 in a
range of 5% e.e to 24% e.e. The inconsistencies in this process are not understood

and further investigation is required on this potentially useful catalytic system.
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7.1 Experimental

All melting points were determined using a Kofler hot-stage apparatus and
are uncorrected. NMR spectra were run on a variety of machines (frequency stated
for each compound) including a Bruker WP80, Bruker AM250, Jeol EX270,
Bruker AMX300, Bruker AMX400 (UCL and ULIRS service at King's College
London) and a Bruker AMX600 (ULIRS service, Queen Mary and Westfield
College). Line separations (J) are measured in Hertz (Hz) and the following
abbreviations are used to describe NMR signals: s, singlet; d, doublet; dd, double
' doublet; t, triplet; dt, double triplet; q, quartet; m, multiplet; br, broad. Infra-red
spectra were obtained on either a Shimadzu FTIR-8300 or a Perkin-Elmer PE-983
as a thin film in dichloromethane solution or as a potassium bromide disc and
absorptions are recorded in wavenumbers (Vmax in cm™). Low resolution mass
spectra were obtained on a VG7070H mass spectrometer with a Finigan Incos II
data system and high resolution mass spectra were obtained on a VG ZAB SE
mass spectrometer by Mr. M. Cocksedge (using the ULIRS service at the London
School of Pharmacy). Microanalytical data were obtained on a Perkin-Elmer 2400
CHN machine. Determination of enantiomeric excess was performed either by
comparison of the optical rotation with a literature sample or by high performance
liquid chromatography, using either a Chiracel OD or OJ column using a
Shimatzu SCL-10A system controller, LC10AT liquid chromatograph and a CTO-
10AS column oven. Yields quoted are for material judged to be homogeneous by
thin layer chromatography and 'H NMR. Thin-layer chromatography was
performed on Merck 0.2 mm akuminium-backed silica gel 60 F,s4 plates and
visualised using a variety of developers and techniques including UV lamp;
solutions of potassium permanganate, ceric sulfate, anisaldehyde and
polymolebdanate and finally silica impregnated with iodine. Column
chromatography was performed using Merck 0.040 to 0.063 mm, 230 to 400 mesh
silica gel under either gravity or compressed air. Unless otherwise stated, all
reactions were done under an inert atmosphere with thoroughly dried solvents
prepared according to the Vogel book of Practical Organic Chemistry.'>*
Evaporation refers to the removal of solvent under reduced pressure. Referenced
compounds refer to compounds made previously within the cited reference unless

otherwise stated.
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T

KJH 0.0 on (1R,2R)-(+)-trans-Cyclohexane-1,2-diamine-L-tartrate
< 3 2 <
Cl[ adduct 207°* : To (2R,3R)~(+)-tartaric acid (39.33 g, 262

NH, O,C “1~OH
Hs -2 H mmol), in a 1 L three-necked flask, was added water (107

mL) and the mixture thoroughly stirred at 20 °C until all the acid had dissolved.
The solution was heated to 90 °C with stirring and (%)-trans-cyclohexane-1,2-
diamine (32 mL, 262 mmol) was added drop-wise via a nitrogen flushed dropping
funnel. If a white precipitate appeared, hot water was added to re-dissolve it, thus
keeping the solution clear. The final volume was about 450 mL. The clear solution
was gradually cooled to 20 °C left in a refrigerator for 16 h. The white crystals
that had formed were filtered off, washed with ice cold water and recrystallised
from hot water to afford large white crystals (18.16 g, 26%) which were dried
under vacuum. [a]p +12.6 (¢ 1, H,0). M.p. 272-273 °C. lit.” M.p. 273 °C.

H ;1 HEH (1R,2R)-(-)-trans-Cyclohexane-1,2-diammonium  dichloride.”
q (1R, 2R)-(+)-trans-Cyclohexane-1,2-diamine-L-tartrate adduct
H f;“"a?' (18.16 g, 69 mmol) was dissolved in a minimum amount of
concentrated hydrochloric acid in methanol (1 : 9, v/v). To this solution, ether was
added drop-wise until precipitation was complete. This precipitate was filtered
and dried under vacuum to give the title compound (10.81 g, 96%). [a]p -10.4 (¢

=1, CH;OH). v (cm™) : 2835, 1734, 1598.

. (1R,2R)-(-)-trans-1,2-diaminocyclohexane 129.°** (1R, 2R)-(+)-
NH,  frans-Cyclohexane-1,2-diamine-L-tartrate adduct 207 (50 g, 0.19

n I

3,4
1.2

S0

NH, mol) was placed in a 1 L separating funnel. A solution of

potassium hydroxide (43 g, 0.8 mol) in water (30 mL) was added
and the mixture shaken carefully. The amine layer was separated as rapidly as
possible and diluted with diethyl ether (200 mL). The remaining aqueous layer
was washed with diethyl ether (3 x 50 mL) and the combined ethereal layers were
dried (MgSO,), filtered and evaporated to give a highly crystalline solid which

was stored at 4 °C.
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(1R,2R)-(+)-N,N’-Bis-(2-chloroacetamide)-trans-1,2-

o)
1 HS L Cl  diaminocyclohexane 208.”® A solution of chloroacetyl
12 NA chloride (6.15 mL, 77 mmol) in benzene (50 mL) was added
NH drop-wise at 0 °C to a solution of (1R,2R)-(-)-trans-1,2-

g)\/C' diaminocyclohexane 129 (4.0 g , 35 mmol) in 5§ M sodium
hydroxide (120 mL) over a 10 minute period with vigorous stirring. A white
precipitate was formed almost immediately and this was filtered and washed
several times with water. The white solid was then recrystallised from hot ethanol
to afford 208 as short white needles. M.p. 180 °C. [a]p + 24 (c 1, CHCL). 'H
 NMR (CDCls, 250 MHz) : 6.81 (2H, br, 2 x H°), 4.04 (4H, s, 2 x (H' + HY)), 3.78
(2H, m, H), 2.09 (2H, m, 2 x H’ (ax)), 1.80 (2H, m, 2 x H' (ax))), 1.35 (4H, m, 2
x (H2 + H*, eq)). )). >C NMR (CDCls, 62 MHz) : 166.74 (2 x CO), 53.94 (2 x
CH®), 42,50 (2 x C™®), 32.10 (2 x C**), 24.62 (2 x C'?),

0. 20 (1R,2R)-(+)-N,N’-bis(bromoacetyl)-trans-1,2-cyclohexane

34 P;16N|:7 Br 209.'“ To a vigorously stirred solution of (1R,2R)-(-)-trans-

2 O{ 1,2-diaminocyclohexane (2.0 g, 18 mmol) in sodium
H NH . hydroxide (5M, 20 mL) at 0 °C under an inert atmosphere

o) " was added drop-wise a solution of bromoacetyl bromide (3.9

mL, 45 mmol : CAUTION : lachrymator) in benzene (15 mL). The reaction mixture
was carefully shaken vigorously with constant cooling. An orange yellow semi-
solid resulted which was filtered from the bi-phasic mixture and re-crystallised

directly from hot ethanol to afford 209 as white voluminous needles (3.1 g, 50%).
M.p. 245 °C. [a]p + 50.4 (c 1, MeOH). IH NMR (DMSO-d°; 400 MHz): 8.11
(2H, m, H"), 3.78 (4H, s, 2 x (H’ + H'%), 3.53 (2H, m, 2 x H®), 1.86 (2H, m, 2 x
H® (ax)), 1.66 (2H, m, 2 x H'(ax)), 1.24 (4H, m, 2 x (H? + H*(eq)). 13C NMR
(DMSO0-d®, 100 MHz): 165.97 (C%), 52.47 (C>'%), 31.89 (C°), 30.03 (C**), 24.60
(C'?). Anal. calcd. for CyoH;N,0,Br; : C 33.73 H 4.53 N 7.87. Found C 33.22 H
430N 7.92.
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o. 2 (1R,2R)-(+)-N,N’-Bis(fluoroacetyl)-trans-1,2-cyclohexane
34 'jﬁNi"\ 210 To a stired solution of (1R 2R)-(+)-N,N’-
. bis(chloroacetyl)-trans-1,2-cyclohexanediamine (2.07 g, 7.7
HJN:/F mmol) in the minimum amount of diethylene glycol was
° added anhydrous potassium fluoride (0.131 g, 2.3 mmol)
which had been freshly recrystallised from dry methanol. A calcium chloride
drying tube was attached to the vessel and the mixture was rapidly heated to 160
°C with stirring and maintained at this temperature for 4 days. After this time a
| yellow-white precipitate formed which was filtered off and purified by flash
column chromatography (dichloromethane : ether, 1 : 1) to give an off-white solid
which was recrystallised from the same solvent system to afford voluminous,
though small, white needles (0.50 g, 96%). M.p. 194 — 195°C. [oz]D —94.93 (¢ 0.67,
MeOH). 'H NMR (DMSO0-d6, 250 MHz): 7.78 (2H, m, 2 x H®), 4.71 (4H, d, J
46.6, H® + H°), 3.68 (2H, m, 2 x H%), 1.78 (2H, m, 2 x H’ (axial)), 1.66 (2H, m, 2
x H* (equatorial)), 1.42 -1.12 (4H, m, 2 x (H' + H)) °C NMR (DMSO-d°, 62
MHz): 167.16 (d, J 25.16, C7), 80.82 (d, C®®), 51.9 (2 x CH’), 31.66 (2 x C**),
24.63 (2 x C%). "F NMR (DMSO-d®, 338.7 MHz): {'H coupled} : -224.46 (2F, t,
J 46.6, CH,F). IR (KBr pellet) : v (cm ™) : 3287, 2936, 1647, 1540, 1037. Anal.
calcd. for CjoH¢N,O,F; : C 51.23 H 6.89 N 11.96. Found C 50.49 H 6.69 N
11.60.

0 (1R,2R)-(+)-N,N’-bis(acetoxyacetyl)-trans-1,2-

gs 7&9 oJuj)\ll cyclohexane 212. To a stirred solution of (1R,2R)-(+)-

1.2 R NHE N,N’-bis(chloroacetyl)-trans-1,2-diaminocyclohexane
NH (0.2 g, 0.74 mmol) in acetic acid (2 mL) at 20 °C, was

OJ\/OY added sodium acetate (0.243 g, 2.96 mmol). The mixture

0 was heated at reflux for 7 days. After cooling, the acetic

acid was removed azeotropically with toluene to afford an off-white solid which
was shown to be mainly pure by thin-layer chromatography. Purification by flash
column chromatography (ethyl acetate : petroleum ether, 9 : 1) followed by
recrystallisation from ethanol (100%) gave 212 as small white needles (0.14 g,
60%). M.p. 193-194 °C. [a]p + 54.8 (¢ 1, CHClL;). '"H NMR (MeOD-d4, 250
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MHz): 6.53 (2H, m, 2 x H®), 4.59 (2H, d, J 15.01, 2 x C%), 4.44 (2H, d, J 15.01, 2
x C%, 3.72 QH, m, 2 x H’), 2.17 (6H, s, 6 x H'"), 2.09 (2H, m, 2 x H’ (axial)),
1.82 2H, m, 2 x H* (equatorial), 1.32 (4H, m, 2 x (H' + H%). *C NMR
(methanol-d4, 62 MHz) : 172.01 (2 x C'%), 170.34 2 x C"), 63.66 (2 x CH’), 54.23
(2 x C*), 33.01 (2 x C*%), 25.94 (2 x C'?), 20.65 (2 x C"). IR (KBr pellet) : v
(cm 1) : 3274, 2950, 1735, 1653, 1555, 1205, 1109. Anal. calcd. for Ci4H,N,06 :
C 53.49H7.05N 8.91. Found C 53.12 H6.97 N 8.79.

(1R,2R)-(+)-N-(1-acetoxyacetamido)-N’-(2-

o)
0 13'140J\ chloroacetamido)-trans-1,2-diaminocyclohexane 211.
17
‘2 se 9 NH This product was separated from the reaction described
3 4(:]; for the synthesis of 212 by flash column
78 HwNH12
o cl chromatography (ethyl acetate ; petroleum ether 40 — 60,

1918 9 : 1). Evaporation of the relevant collected fractions

gave a white solid which was recrystallised with ethanol to give small white
needles (16%). M.p.162-164 °C. [a]p + 33.51 (¢ 1, MeOH). 'H NMR (MeOD,
250 MHz) : 4.79 (2H, m, H'! + H'?), 4.49 (1H, d, J 12.5, H"), 4.39 (1H, d, J 12.5,
H'), 3.98 (2H, s, H” + H'®), 2.12 (3H, s, 3 x H""), 1.90 (2H, m, H® + H’ (ax)),
1.75 (2H, m, H'+ H? (ax)), 1.34 (4H, m, H*> + H* + H® + H® (eq)). °C NMR
(MeOD, 625 MHz) : 172.11 (COCY), 17023 (NC(O)C™'), 169.54
(NC(0)CP%)), 63.60 (C'*'*), 54.51 (CH®), 54.44 (CH'), 43.38 (C'*'%), 33.02
(C*%), 32.92 (C™®), 25.95 (C'?), 25.89 (C**), 20.68 (C').

o. 2 (1R,2R)-(+)-N,N’-bis(1-hydroxyacetamido)-trans-1,2-

34 HSNH(, oH diaminocyclohexane 213. (1R,2R)-(+)-N,N -
bis(acetoacetamido)-trans-1,2-cyclohexane (0.237 g, 0.75

HJ\/ OH mmol) was dissolved in tetrahydrofuran (25 mL) and water (5

mL) under an inert atmosphere and stirred. A 1 M lithium

hydroxide solution (7 mL) was added and the mixture stirred for 1 week. After
this time the organic products were removed via continuous extraction in a
reverse-phase Dean-Stark with chloroform as the removing solvent. After 2 days
the product had been completely removed from the aqueous phase. The collected

organic phase was dried (MgSQ,), filtered and evaporqted to give an off-white
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solid which was purified by column chromatography (methanol : ethyl acetate, 1 :
9). Evaporation of the relavent fraction afforded an off-white solid which was
recrystallised from ethyl acetate to give 213 as long glass-like needles (110 mg,
80.3%y). M.p. 204 °C. [a]p + 76.36 (c 0.61, CH;0H). 'H NMR (250 MHz,
CD;OD) : 3.92 (4H, s, 2 x (H' + H%), 3.75 @H, m, 2 x H), 1.92 2H, m, 2 x H’
(axial)), 1.78 (2H, m, 2 x H* (equatorial)), 1.41 (4H, m, 2 x (H' + H?)). *C NMR
(CD;0D, 62.5 MHz) : 177.78 (2 x CO), 65.09 (2 x C™®), 56.42 (2 x CH’), 35.62 (2
x C**), 28.42 (2 z C?). IR (KBr pellet) : v (cm ™) : 3267, 2920, 1611. Anal.
‘ calcd. for CoH;sN,O4 : C52.16 H7.88 N 12.17 Found C 52.15 H 7.82 N 12.10.

0 7 (1R,2R)-trans-1,2-diacetamidocyclohexane 214,10 (1R,2R)-(-)-
in ice cold chloroform (15 mL) and acetic anhydride added to the

H).\ solution (7.5 mL, 0.08 mol). The resulting mixture was stirred for
o)
a further 1 h. After this time, the white crystals that had formed

. i“:*]a:iNHS trans-1,2-diaminocyclohexane 129 (4 g, 0.035 mol) was dissolved

were filtered off and recrystallised (ethyl acetate : ethanol, 1:1) to give the title
compound as small white needles (6.9 g, >99%). 'H NMR (250 MHz, CD;0D) :
6.08 (2H, br, 2 x H%), 3.62 (2H, m, 2 x H%), 2.02 (2H, m, 2 x H’ (ax)), 1.94 (6H, s,
6 xH'), 1.73 (2H, m, 2 x H'"), 1.33 (4H, 2 x (H* + H*)).

9 (1R,2R)-(+)-N,N’-bis(tert-butylacetamido)-trans-1,2-

Oﬁk diaminocyclohexane 215."° To a very vigorously stirred

12 A E‘SNLG solution of (1R,2R)-(-)-trans-1,2-diaminocyclohexane (0.64 g,
NH 5.6 mmol) in 5 M sodium hydroxide solution (5 mL) was

g added neat trimethylacetyl chloride (1,52 mL, 12.3 mmol) in

one portion and the resultant mixture thoroughly shaken with
careful release of pressure generated. A white solid was immediately formed
which was filtered, dried under reduced pressure (~1 mmHg) and purified by
recrystallisation (ethyl acetate : petroleum ether, 1 : 4 + several drops of ethanol)
to afford small white needles (0.888 g, 56%). M.p. 242-244 °C. [a]p + 53.8 (c 1,
CHCl;). '"H NMR (CDCls, 250 MHz) : 6.14 (2H, br, 2 x H%), 3.64 (2H, m, 2 x i),
2.05 (2H, m, 2 x H(axial)), 1.75 (2H, m, 2 x H'(axial)), 1.29 (4H, m, 2 x (H* +
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H*)(equatorial)), 1.15 (18H, s, 18 x H®). *C NMR (CDCl;, 62.5 MHz) : 179.15 (2
x C7), 53.76 (2 x CH®), 32.47 (2 x C**), 27.59 (6 x C*), 24.79 (2 x C'%).

(1R,2R)-(+)-N,N'-bis(2,6-difluorobenzoyl)-trans-1,2-

8 diaminocyclohexane 216. To a stirring solution of
3 (1R,2R)~(-)-trans-1,2-diaminocyclohexane 129 (0.73 g, 6.4
2PN NHE F o ol) and triethylamine (1.96 mL, 14 mmol) in freshly
CENH F distilled dichloromethane (10 mL) was added drop-wise, a
solution of 2,6-difluorobenzoyl chloride (1.78 mL, 14

F mmol) in freshly distilled dichloromethane (10 mL) at 0 oC

and the mixture was allowed to warm to 20 °C over a 16 h period. The reaction

0
H

o=

mixture was then acidified with 1 M hydrochloric acid (25 mL) and the aqueous
layer washed with diethyl ether (2 x 25 mL). The combined organic layers were
dried (MgSQ,), filtered and evaporated to give an off-white solid which was
purified by recrystallisation from ethanol (100%) to give the title compound as
small white needles (2.5 g, >99%). M.p. 237 °C. [a]p - 19 (¢ 1, MeOH). 'H NMR
(DMSO, 300 MHz) : 8.72 (2H, m, 2 x H6), 7.58 (2H, m, 2 x H8), 7.24 (4H, 4 x
H7),3.93 (2H, m, 2 x HS), 1.98 (2H, m, 2 x H3 (ax)), 1.78 (2H, m, 2 x H1 (ax)),
1.37 (4H, m, 2 x (H2 + H4)(eq)). °F NMR (DMSO, 282 MHz) : -133.82. Anal.
caled. for C0H;3N,O,F4 : C 60.89 H4.60 N 7.11 Found C 60.83 H4.50 N 7.09.

6 /7 8 (1R,2R)-(+)-N,N'-bis(a-pyridinecarboxamido)-trans-1,2-

o) SN 9 diaminocyclohexane 217. To a stirring solution of 2-

. 34 E‘SNH pyridinecarboxylic acid (4.02 g, 33 mmol) in pyridine (13

q mL) was added a solution of (1R2R)-(-)-trans-1,2-
NH

'c") N, diaminocyclohexane 129 (1.9 g, 16 mmol) in pyridine (6.5

| /) mlL). After careful, drop-wise addition of triphenyl phosphite

(5.5 mL, 33 mmol), the reaction was refluxed for 12 h
whereupon the mixture turned a red-brown colour. After this time, the mixture
was washed with saturated sodium bicarbonate solution (2 x 25 mL) and water (2
x 25 mL). The organic layer was separated and allowed to stand overnight in a
fume hood whereupon partial evaporation of the solvent occurred giving an off-

white precipitate which was filtered and further purified by flash column
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chromatography (ethyl acetate : petroleum ether 40 - 60, 1 : 1) to yield 217 as fine
white needles (2.50 g, 50%). [a]p + 53.2 (c 1, CHCl;). 'H NMR (CDCls; 80
MHz): 8.45 2H, m, 2 x H%), 7.80 2H, m, 2 x H"), 7.61 (2H, m, 2 x H®), 7.23
(2H, m, 2 x H®), 4.01 (2H, m, 2 x H’), 2.10 - 0.99 (8H, m, 2 x (H' + H2 + H’ +
HY).

, 8 . (1R,2R)-N,N’-dibenzylidene-trans-1,2-
?/O diaminocyclohexane 222.'”® Benzaldehyde (1.90 g, 17.9
tN mmol) was added to a solution of (1R,2R)-1,2-

diaminocyclohexane (1.04 g, 9.12 mmol) in benzene (20
N| mL) and the mixture was stirred at room temperature for 45
min. The solvent was evaporated, benzene (10 mL) was
added and the water was azeotropically removed. This
operation was repeated twice more and the crude mixture was used directly in the

formation of diamine 223.

S o UR2R)(-)-N,N’-Dibenzyl-trans-1,2-diaminocyclohexane
223.'%® To a solution of (1R 2R)-(-)-N,N’-dibenzylidene-
NH ’ trans-1,2-diaminocyclohexane 222 (1.52 g, 5.2 mmol) in dry
methanol (30 mL) at 0 °C was added sodium borohydride
H NH portion-wise (0.46 g, 12.2 mmol) and the resulting solution
k@ was stirred for 4 h at 20 °C. After this time, the mixture was
acidified carefully with 2M hydrochloric acid (200 mL) to pH
2. The aqueous layer was then extracted with dichloromethane (3 x 30 mL) and
the combined aqueous layers made alkaline to pH 11 followed by washing with
dichloromethane (3 x 30 mL). The combined organic layers were dried (MgSOy),
filtered and evaporated to give 223 as a clear (sometimes off-yellow) oil that
required no further purification (1.49 g, 96%). [a]o —62.6 (¢ 1, CHCL3). '"H NMR
(CDCls, 250 MHz) 7.28 (10H, m, 4 x (H*+H°) + 2 x H'), 3.89 2H,d, J 15, 2 x
H), 3.66 (2H, d, J 15, 2 x H%), 2.26 (2H, m, 2 x NH), 2.19 (2H, m, 2 x H’), 1.88
(2H, m, 2 x H3(ax)), 1.72 (2H, m, 2 x H' (ax)), 1.25 (2H, m, 2 x H* (eq)), 1.05
(2H, m, 2 x H* (eq)). >*C NMR (CDCl;, 62 MHz) : 141.24 (CC*C?®), 128.38 (C®),
128.11 (C°), 126.78 (C'%), 61.04 (C%), 51.01 (C*7), 31.69 (C**), 25.13 (C™).



Chapter 7 Experimental 151

P (IR,2R)-(+)-N,N’-Dibenzyl-N,N’-di-(1-chloroacetamide)

10@3\’ —trans-1,2-diaminocyclohexane 226 . To a solution of (/R,
670 ) e ..

o e ,U\/ c 2R)~(-)-N,N’-dibenyl-trans-1,2-diaminocyclohexane =~ 223

12 7 11,12 (0.26 g, 0.89 mmol) in freshly distilled dichloromethane

) N Y\Cl (40 mL) was added triethylamine (0.27 mL, 1.9 mmol) and
the resulting solution stirred for 15 min at 20 °C under an
inert atmosphere. After this time the solution was cooled to
0 °C and neat chloroacetyl chloride (0.16 mL, 1.9 mmol)

was added drop-wise with caution. The reaction was monitored by thin-layer

' chromatography using a UV lamp (294 nm) and was shown to be complete after 2

h (without the need for catalytic N, N-dimethylaminopyridine). The mixture was
quenched with 1M hydrochloric acid (50 mL) and the aqueous layer extracted
with dichloromethane (3 x 15 mL). The combined organic layers were dried
(MgS0,), filtered and evaporated to give an off-white solid which was purified by
flash column chromatography (ethyl acetate : petroleum ether 40 — 60, 1 : 3) to
afford white, voluminous microneedles (0.35 g, 87%). M.p. 114-115 °C. [a]p +
8.3 (c 1, CHCL). '"H NMR (CDCls, 250 MHz) : 7.25 (10H, m, 4 x (H*+H%) + 2 x
H'%), 4.88 (2H, m, 2 x H*), 4.68 (2H, d, J 18.8, 2 x H'"), 4.54 (2H, d, J 18.8, 2 x
H'?), 4.06 (2H, d, J 15,2 x H"), 3.88 (2H, d, J 15, 2 x H°), 1.89 (2H, m, 2 x
H3(ax)), 1.69 (2H, m, 2 x H'(ax)), 1.30 (4H, m, 2 x (H> + H") (eq)). °C NMR
(CDCls, 62 MHz) : 168.47 (C(0)), 24.86 (C'?), 137.73 (CC3C’), 129.03 (C%),
127.47 (C%), 125.51 (C'), 53.89 (C%), 47.51 (C*7), 42.51 (C'""), 30.01 (C**). IR
(KBr pellet) : v (cm ™) 2770, 1773, 1325. Anal. calcd. for CpqHpeN;0,Cl; : C
64.43 H6.31 N 6.26. Found C 64.47 H6.28 N 6.26.

0 s (1R,2R)-(+)-N,N’-dibenzyl-N,N’-di-(1-acetoxyacetamido)
9@\670“ O _trans-1,2-diaminocyclohexane 227. (1R2R)-(+)-N.N'-
3¢ *;"5 N /U\/O dibenzyl-N, N ’-di-(1-chloroacetamide)-trans-1,2-

uq h diaminocyclohexane 226 (3.1g, 6.9 mmol) was dissolved in
H N\n/\o glacial acetic acid (200 mL) and stirred at 20 °C. Anhydrous
©) /J% 0 sodium acetate (2.503 g, 30.4 mmol) was added portionwise
over 15 min. Upon complete addition, tetracthylammonium

iodide (0.177 g, 0.69 mmol) was added to facilitate the phase-transfer. The
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resulting solution was heated at reflux for 4 days. After this time, the reaction was
quenched with saturated aqueous ammonium chloride (100 mL) and the mixture
extracted with dichloromethane (3 x 25 mL). The combined organic layers were
dried (MgSO,), filtered and evaporated to yield an off-white solid which was
purified by flash chromatography (ethyl acetate : petroleum ether 40-60, 7 : 3) to
give a white solid that was recrystallised from ethyl acetate (100%) to afford 227
as white needles (3.21 g, 96%). Mp. : 128-129 °C. [a]p + 10.6 (c 1, CHCL). 'H
NMR (CDCl;, 250 MHz) : 7.32 (10H, m, 4 x (H*+H’) + 2 x H'%), 5.05 2H, d, J
15,2 xH'), 4.85 (2H, m, 2 x H’), 4.57 (2H, d,J 17.5,2 x H"), 4.41 (2H, d, J 17.5,
2xH", 432 (2H, d,J 15,2 x H), 2.19 (3H, 5, 6 x H?), 1.85 (2H, m, 2 x H(ax)),
1.68 (2H, m, 2 x H'(ax)), 1.26 (4H, m, 2 x (H2 + H*)(eq)). *C NMR (CDCl;, 62
MHz) : 170.86 (OC(0)), 168.69 (NC(0)), 137.81 (CC3C®), 128.83 (C%), 127.26
(C), 125.82 (C'), 62.39 (C!™'%), 53.68 (C°), 46.51 (C®7), 29.91 (C**), 24.99
(C'), 20.73 (CP). IR (KBr pellet) : v (cm ™) 2931, 1749, 1668, 1440. Anal.
calcd. for CygH34N,O6 : C 67.98 H 6.94 N 5.67. Found C 67.89 H 6.94 N 5.67.

0 2N s (1R,2R)-(+)-N,N’-dibenzyl-N,N’-di-(1-
,@.vo hydroxyacetamide)-trans-1,2-diaminocyclohexane 228.
2 Hs NJ\/OH (IR, 2R)~(+)-N,N’-dibenzyl-N, N '-di-(1-acetoxyacetamide)-

trans-1,2-diaminocyclohexane 227 (0.25 g, 0.51 mmol) was

H N\ﬂ/\OH dissolved in the minimum amount of GPR grade methanol.

To the stirred reaction at 20 °C was added 2M NaOH (30

mL) and the mixture was stirred for 30 min. After this time,

the organic materials were extracted from the aqueous layer by continual
extraction with chloroform in a reverse-phase Dean-Stark apparatus for 16 h.
After this time, the collected solvent was dried (MgSOs), filtered and evaporated
to give an off-white solid which was purified by flash column chromatography
(ethyl acetate : petroleum ether 40 — 60, 1 : 1, potassium permanganate developer)
to give white needles (0.13 g, 63%). mp. 178 — 180°C. [a]p + 26.3 (¢ 1, CHCl;).
'H NMR (CDCl;, 250 MHz) : 7.28 (10H, m, 4 x (H*+H%) + 2 x H'®), 4.82 (2H, m,
2x H%), 4.56 (2H, d,J 17.5,2 x H), 4.23 (2H, d, J 17.5, 2 x H'), 4.00 (4H, m, 2 x
(H'! + H'?)), 3.48 (2H, s, 2 x OH), 1.85 (2H, m, 2 x H(ax)), 1.68 (2H, m, 2 x
H'(eq)), 1.29 (4H, m, 2 x (H? + H*)(eq)). °C NMR (CDCl;, 62 MHz) : 174.03
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(C(0)), 137.43 (CC?C®), 128.90 (C%), 127.35 (C%), 125.54 (C'), 60.66 (C'"'%),
54.28 (C°), 46.27 (C*7), 29.64 (C**), 24.81 (C'?). Anal. calcd. for CasH30N;04: C
70.21 H7.37 N 6.83. Found: C70.19 H7.41 N 6.77

(1R,2R)-(+)-N,N’-bis(1-methoxyacetamido)-trans-1,2-

10 8 diaminocyclohexane 232. To a stirred solution of (1R, 2R)-
H:’ Q CI)13 (-)-N,N"-dibenyl-trans-1,2-diaminocyclohexane 223 (1.5 g,
34 1
12 2N 5.1 mmol) in freshly distilled dichloromethane (30 mL) was

injected triethylamine (1.56 mL, 11.2 mmol) and the
resulting solution stirred at 20 °C for 20 min. After this time,
the mixture was cooled to 0 °C and neat methoxyacetyl
chloride (1.22 g, 1.56 mL, 11.2 mmol) was added drop-wise. The resulting
solution was stirred and allowed to warm back to 20 °C and subsequently allowed
to react for a further 16 h. After this time, the mixture was quenched with 1M
hydrochloric acid (30 mL) and the aqueous layer was washed with diethyl ether (3
x 20 mL). The organic layers were combined, dried (MgSO4), filtered and
evaporated to give a crude oily material. This was purified by flash column
chromatography (ethyl acetate, 100%) to give 232 as a clear oil (which became
solid at -15 °C in 100% petroleum ether) (1.6 g, 71%). [a]p +35.6 (¢ 0.5, CHCl5).
'H NMR (CHCl;, 250MHz) : 7.19 (10H, m, 4 x (H® + H’) + 2 x H'"), 4.79 (2H, m,
2 x H%), 4.55 (2H, d,J 20.01, 2 x H'"), 4.48 (2H, d, 7 20.01, 2 x H'?), 4.04 (2H, d,
J15,2 xH®,3.74 QH, d,J 15,2 x H"), 1.74 (2H, m, 2 x H}(ax)), 1.57 (24, m, 2
x H' (ax)), 1.18 (4H, m, 2 x (H + H*)(eq)). °C NMR (CDCls, 67 MHz) : 170.88
(2 x C(0)), 138.27 (2 x CC?), 128.76 (4 x C%), 127.09 (4 x C*), 12547 2 x C"9),
71.02 (2 x C*"), 59.22 (2 x CH’), 53.17 (2 x C"), 46.65 (2 x C'"'?), 29.59 (2 x
C*%), 24.82 (2 x C'). IR (KBr disc) : v (cm ') : 2934, 1651, 1450, 1198, 1130.
(m/z, FAB") : 439 (47%), 307 (55%), 136 (100%), 91 (60%). Anal. calcd. for
Ca6H34N,04 (HRMS, EI) : 438.2519 Found : 438.2523.
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(1R,2R)-(-)-N,N,N’-tribenzyl-trans-1,2-

diaminocyclohexane 233 . To a vigorously stirred

21
22 20
19“2 21
g \j@” solution of  (1R2R)-)-N.N'-dibenzyl-trans-1,2-
2z N_ 19
1.2 3

1 diaminocyclohexane 224 (0.709 g, 2.41 mmol) and

* 33 HH anhydrous potassium hydrogen carbonate (0.33 g, 2.41
@”“ mmol) in freshly distilled dimethylformamide (50 mL)

18 16 was added, a solution of benzyl bromide (0.26 mL, 2.2

17
mmol) in dimethylformamide (25 mL) via syringe

pump over a period of 40 mins at 20 °C. The mixture was allowed to stir at this

‘ temperature for 16 h under an inert atmosphere. After this time, the reaction was

22

quenched by adding a saturated solution of lithium chloride (500 mL) portionwise
so as to maintain the temperature at 20 °C. The aqueous layer was washed with
ethyl acetate (3 x 30 mL) and the combined organic layers were dried (MgSO,),
filtered and evaporated to give a yellow oil which was shown to be a mixture of
bi-, tri- and tetra- benzylamine (the major product being the tribenzylamine). This
residue was purified by flash column chromatography (methanol : chloroform, 1 :
19) to give 233 as an off-yellow oil (0.431 g, 51%). [a]p— 15.9 (¢ 1, CHCL;). 'H
NMR (CDCl;, 250 MHz and 600 MHz) : 7.28 (15H, m, 2 x (H'® + H'") + H'® + 4
x (H® + H*Y + 2 x H?), 3.89 (1H, d, J 15, H"), 3.78 (2H, d, J 15, 2 x H'}), 3.55
(1H, d, J 15, H'), 3.46 (2H, d, J 15, 2 x H"), 3.29 (1H, br, NH), 2.54 (2H, m, H’
+ H'%), 2.15 (1H, m, H (ax)), 2.03 (1H, m, H’ (ax)), 1.84 (1H, m, H' (ax)), 1.68
(1H, m, H® (ax)), 1.19 (4H, m, H® + H® + H? + H* (eq)). *C NMR (62 MHz) :
140.76 (C"), 140.03 (C'), 128.81 (C*° + C'®), 128.40 (C'7), 128.29 (C*"), 126.97
(C'®), 126.64 (C?), 62.17 (CH'?), 58.05 (CH’), 53.88 (C'*'"), 51.51 (C'"'?,31.74
(C™®), 25.74 (C>%), 24.74 (C**), 22.86 (C'?). Anal. calcd. for C7H3 N, (HRMS,
MH"): Expected : 385.2660, Found : 385.2644

A (1R,2R)-(-)-N,N,N’-tribenzyl-N’-(1-acetoxyacetamide)-
Sun g I~,  trans-1,2-diaminocyclohexane 234a

ss N1 To a stirred solution of (1R,2R)-(-)-N,N,N -tribenzyl-

1"1224'25 trans-1,2-diaminocyclohexane 233 (1.36 g, 3.91 mmol) in

78 Ho \[3(\0 dry dichloromethane (25 mL) under an inert atmosphere,

was added via syringe, triethylamine (0.544 mL, 4.69



Chapter 7 Experimental 155

mmol) and the solution allowed to stir for 15 min. After this time the mixture was
allowed to cool to 0 °C in an ice salt bath and neat acetoxyacetyl chloride (0.42
mL, 4.69 mmol) was injected slowly over a period of 5 mins. A solution of
dimethylaminopyridine (0.05 g, 0.39 mmol) in dry dichloromethane (5 mL) was
then injected. After stirring at 0 °C for 4 h, the mixture was allowed to warm to 20
°C and maintained at this temperature for a further 12 h. After this time, the
solvent was removed by evaporation and the residue was acidified to pH 2 using 1
M hydrochloric acid. The aqueous layer was then washed with dichloromethane (3
x 15 mL) to remove any non-basic material. The aqueous layer was then made
alkaline to pH 11 by careful addition of 1 M sodium hydroxide. Again, the
aqueous layer was washed with dichloromethane (3 x 15 mL) and the combined
organic layers were dried (MgSQ,), filtered and evaporated to give an off-yellow
oil which was subjected to further purification by flash column chromatography
(methanol : chloroform, 3 : 97. R¢ 0.3). The combined fractions were evaporated
to give an off-white solid. However, there remained some impurities which were
removed by addition of 3M hydrochloric acid (20 mL). The aqueous layer was
washed with diethyl ether (2 x 25 mL) and was then re-basified to pH 11 with 6 M
sodium hydroxide. The aqueous layer then washed again with diethyl ether (2 x 25
mL) and the combined organic layers were dried (MgSO,), filtered and evaporated
to give 234a as a white solid (1.2 g, 71%) with a typical ester odour. Mp 133 -
135°C. [a]p+ 65 (¢ 0.1, CHCL3). 'H NMR (CDCls, 250 MHz) : 7.34 (15H, m, 2 x
H'S+HT+ H® + 4 x (H® + HY) + 2 x H?), 4.77 (1H, d, J 12.5, H**), 4.56 (1H,
d, J12.5, H), 3.94 (1H, d, J 17.5, H"), 3.76 (1H, d, J 17.5, H"), 3.48 (2H, d, J
17.5,2 x H'), 3.30 (2H, d,J 17.5, 2 x H"), 2.14 (3H, s, 3 x H"), 1.85 (2H, m, H®
+H' (ax)), 1.39 (2H, m, H' + H® (ax)), 1.32 - 0.85 (4H, m, H> + H* + H* + H®
(eq)). *C NMR (62 MHz) : 170.63 (C*), 167.54 (C*), 140.22 (2 x C*), 137.91
(C™), 129.79 (4 x C*), 129.63 (2 x C'), 128.64 (4 x C*), 128.31 (2 x C'),
127.13 (2 x C?), 126.47 (C'®), 62.14 (C*?*), 57.47 (C™*'), 53.76 2 x C'"'?),
45.40 (CH'), 44.70 (CH’), 33.98 (C?), 25.44 (C*), 25.16 (C™®), 20.72 (C** +
C**. IR (thin film) : v (cm ") : 2930, 1728, 1667, 1452, 1267. Anal. calcd. for
C51H36N,03 (HRMS, El): Expected : 484.2726, Found : 484.2730
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2 N0 (1R,2R)-(-)-N,N,N-tribenzyl-N’-(1-
TN methoxyacetamide)-ztrans-1,2-diaminocyclohexane
P ?9N 19 234b. To a stirred solution of (1R 2R)-(-)-N,NN'-

1.2
1,12 tribenzyl-trans-1,2-diaminocyclohexane 233 (1.9 g, 4.95

34 N2 2425

78 Hio Y\(I) mmol) in freshly distilled dichloromethane (15 mL) at 0

13,14 26
©5 ° °C was added drop-wise, a solution of methoxyacetyl
18 16

17 chloride (0.5 mL, 5.45 mmol) in freshly distilled
dichloromethane (15 mL). The mixture was then allowed to stir and warm to 20
°C over a period of 16 h. After this time, the solvent was removed by evaporation
 and the residue was acidified to pH 2 using 1 M hydrochloric acid. The aqueous
layer was then washed with dichloromethane (3 x 15 mL) to remove any non-
basic material. The aqueous layer was then made alkaline to pH 11 by careful
addition of 1 M sodium hydroxide. Again, the aqueous layer was washed with
dichloromethane (3 x 15 mL) and the combined organic layers were dried
(MgS0y), filtered and evaporated to give an off-yellow oil which was subjected to
further purification by flash column chromatography (methanol : chloroform, 1 :
99) to give an off-white oil (0.87g ,36%). [a]p+ 12.3 (c 0.72, CHCL;). '"H NMR
(CDCl3, 300 MHz) : 7.15 (15H, m, 2 x (H + H) + H® + 4 x H® + H*) + 2 x
H™)), 3.91 2H, m, H" + H'), 3.62 (4H, m, 2 x (H"' + H'%), 3.19 2H, m, H* +
H?), 1.72 2H, m, H’ + H’ (ax)), 1.46 (3H, s, 3 x H), 1.20 2H, m, H' + H’ (ax)),
0.75 (4H, m, H2 + H* + H® + H® (eq)). '>C NMR (75 MHz) : 170.64 (C*), 140.79
(2 x HY), 139.40 (CY), 129.82 (4 x C*), 130.51 (2 x C'), 129.42 (4 x C*),
129.12 (2 x C'"), 128.27 (2 x C*), 128.17 (C™®), 72.12 (C***), 60.41 (CH’), 60.25
(CH'"), 54.56 (2 x C'"'?), 54.08 (C'*'), 46.21 (C*), 32.93 (C*>%), 31.83 (C"®),
26.89 (C'?), 26.62 (C**). (m/z, FAB") : 457 (MH+, 100%), 365 (42%), 260
(43%), 236 (27%), 91 (95%).

PN \ (1R,2R)-(-)-N,N’-Dibenzyl-N,N’-di(1-hydroxyethyl)-
9@67 trans-1,2-diaminocyclohexane 224. To an oven-dried,
s¢ Hs s 25mL pear-shaped flask with a septum-capped inlet and 1

12 : N}{\ O ' p pe .P pp
N~OH cm stirrer bar was attached a 4” vigreux column. At the top

: H of this column was placed a distillation arm with a small

condenser. Between the condenser and a 10 mL receiver
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flask was an outlet connected to nitrogen gas through a mercury bubbler. The
whole system was flushed with nitrogen and the pear-shaped flask was charged
with a solution of (-)-N,N’-dibenzyl-N,N’-di(1-acetoxyacetamido)-trans-1,2-
diaminocyclohexane 227 (0.58 g, 1.2 mmol) in dry THF (10 mL). To this solution
was added boron trifluoride etherate (0.29 mL, 2.4 mmol) and the solution was
heated at reflux until a clear solution was obtained. Then a 2 N borane-dimethyl
sulfide complex in THF (5.9 mL, 11.7 mmol) was added carefully over a period of
15 min. The liberated dimethyl sulfide and ether were distilled and collected.
After 16 h at reflux, the solution was allowed to cool to room temperature and the
~ solvent removed by connecting the outlet for nitrogen to a vacuum pump with
care. The residual amine-boron trifluoride complex was cooled to 0 °C and 6M
hydrochloric acid (10 mL) was added drop-wise for the first few mL. CAUTION:
initial reaction is very vigorous. The acidified solution was heated at reflux for 1 h
to ensure complete hydrolysis. The solution was then allowed to cool to 20 °C and
the non-basic components removed by extraction with diethyl ether (3 x 15 mL).
The aqueous layer was re-basified by cautious addition of 6 M sodium hydroxide
to pH 12 and was then extracted with diethyl ether (3 x 15 mL). The combined
organic layers were dried (MgSO,), filtered, and evaporated to yield 224 as a clear
oil that did not require any further purification (0.21 g, 46%). [a]p - 46.2 (¢ 1,
CHCL3). '"H NMR (CDCl;, 250 MHz and 600 MHz, CDCl3) : 7.20 (10H, m, 4 x
(H+H%) + 2 x H'), 5.5 (2H, br, 2 x H"), 3.59 (4H, m, 2 x (H" + H')), 3.34 (4H,
m, 2 x (HH"), 2.71 (4H, m, 2 x (H''+H")), 2.43 (2H, dt, J 14.5(d), 2.5(t), 2 x
H%), 2.02 (2H, m, 2 x H}(ax)), 1.75 (2H, m, 2 x H'(ax)), 1.11 (4H, m, 2 x (H* +
H*(eq)). °C NMR (62 MHz and 125 MHz, CDCl;) : 139.0 (CC®C®), 129.9 (C*),
128.2 (C%), 127.0 (C'®), 59.5 (C°), 59.5 (sic, C'*'*), 54.5 (C'"'%), 52.1 (C*7), 25.8
(C**, 23.7 (C™?). IR (thin film) : v (cm ") 3389, 2855, 1495, 1026. Anal. calcd.
for Cp4H3oN,0, (HRMS, MH"): 383.2698. Found : 383.2702.
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13 (1R,2R)-(-)-N,N,N’-Tribenzyl-N’-1-hydroxyethyl-
14 12
" , 3 trans-1,2-diaminocyclohexane 240a. To an oven-dried,
1
56 |:|26N9'm“ * 25mL pear-shaped flask with a septum capped inlet and 1

1,2 . » e
q %10 . 55 cm stirrer bar was attached a 4” vigreux column. At the
34 “2 OH

e o top of this column was placed a distillation arm with a

@ 15.16 small condenser. Between the condenser and a 10 mL
BN " receiver flask was an outlet connected to nitrogen gas
through a mercury bubbler. The whole system was flushed with nitrogen and the
pear-shaped flask was charged with a solution of (1R,2R)-(-)-N,N,N -tribenzyl-N -
‘ (1-acetoxyacetamido)-trans-1,2-diaminocyclohexane 234a (0.169 mg, 0.35 mmol)
in dry THF (5 mL). To this solution was added boron trifluoride etherate (0.043
mL, 0.35 mmol) and the solution was heated at reflux until a clear solution was
obtained. Then a 2M borane-dimethyl sulfide complex in THF (1.75 mL, 3.4
mmol, 10 eq) was added carefully over a period of 15 min. The liberated dimethyl
sulfide and ether were distilled and collected. After 16 h at reflux, the solution was
allowed to cool to 20 °C and the solvent removed by connecting the outlet for
nitrogen to a vacuum pump with care. The residual amine-boron trifluoride
complex was cooled to 0 °C and 6 M hydrochloric acid (10 mL) was added drop-
wise for the first few mL. CAUTION: initial reaction is very vigorous.. The
acidified solution was heated at reflux for 1 h to ensure complete hydrolysis. The
solution was then allowed to cool to 20 °C and the non-basic components removed
by extraction with diethyl ether (3 x 15 mL). The aqueous layer was re-basified by
cautious addition of 6 M sodium hydroxide to pH 12 and was then extracted with
diethyl ether (3 x 15 mL). The combined organic layers were dried (MgSO;),
filtered, and evaporated to yield 240a as a clear oil that did not require any further
purification (0.096 g, 64%). [a]p — 42.55 (c 2.2, CHCl3). 'H NMR (CDClL, 250
MHz and 270 MHz) : 7.28 (15H, m, (4 x "2+ H®))+ @ xH") + 2 x H'® + H")
+ H), 4.70 (2H, br, 2 x H?), 3.65 (6H, m, H*"**+ H™'®+ (2 x %)), 3.19 (2H, d,
J 15,2 x H". NB : H'® and H’ form a diastereotopic pair), 2.56 (3H, m, H*® + H”’
+H*), 2.32 (1H, m, H*. NB H*! and H*? form a diasterotopic pair), 2.04 (2H, m,
H® + H' (ax)), 1.71 (2H, m, H' + H? (ax)), 1.04 (4H, m, H* + H* + H® +H® (eq)).
BC NMR (62 MHz and 67 MHz, CDCl3) : 139.37 (C*), 138.78 (2 x C'*), 129.54
(C? + C'™), 128.07 (2 x C), 127.00 (C"), 126.94 (2 x ¢‘4), 126.76 (C*), 58.83




















































































