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Dr. Marc Hutchby’s thesis was concerned with an investigation into the chemistry
and application of molecules containing urea and amide bonds. These bonds are
some of the strongest known and are fundamental to biological processes. For
example the very strength of the amide (peptide) bond is core to the stability and
function of proteins, without which life on earth could not exist. Marc initially
studied the use of ureas as C—H activating groups in palladium-catalysed reactions
of aromatic systems. C—H activation is currently a very important topic in
chemistry as it avoids the need to use halogenated starting materials which means
a significant reduction in toxic waste. Marc showed that aryl ureas were highly
effective C—H activating groups and was able to report the first room-temperature
examples of such a process.

During the course of this study Marc made the discovery that sterically hin-
dered ureas undergo solvolysis (bond breaking) reactions at room temperature
under neutral conditions. This is a remarkable observation since ureas are gener-
ally inert under these conditions and a general rule of chemistry is that hindered
substrates are less reactive.

Even more incredibly, Marc was able to translate these findings into the cor-
responding sterically hindered amides, some of which underwent room tempera-
ture cleavage with half-lives of just minutes at neutral pH. Compare this to
standard peptides which have solvolysis half-lives of 150-600 years under the
same conditions!

Marc’s thesis resulted in three publications in the top international chemistry
journal Angewandte Chemie. Two of these papers were selected by the Editor as
‘Hot Papers’. His groundbreaking amide paper has generated huge interest as
evidenced by three news highlights in Chemical & Engineering News, Ange-
wandte Chemie and most recently Nature.

Bristol Avon, UK, August 2012 Kevin Booker-Milburn
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Chapter 1
Introduction

1.1 Transition Metal Catalysis

The field of catalysis is of great importance not only to chemists but to society in
general. Ranging from enzymes in biological systems to the catalytic converters in
the automobile industry, reactions occurring through catalytic procedures are
ubiquitous.

Transition metals are often used as stoichiometric reagents in synthesis. These
reagents however can suffer from extensive problems such as toxicity (chromium
oxidants generating Cr(IV) are known carcinogens) or cost (OsOy4, 1 g = £256)
[1]. Developing catalytic procedures that are sub-stoichiometric in metal can
reduce these problems and thereby can increase the impact of the synthetic
transformations they allow.

There are many hundreds of catalytic procedures spanning the transition metal
elements, for the purposes of this thesis, only palladium catalysis will be discussed.

1.2 Palladium Catalysis

Palladium is perhaps the most commonly used transition metal in catalytic syn-
thetic procedures. It has many advantages over other catalytically useful metals.

Whilst exposure to the atmosphere may be unwise, palladium reagents are on
the whole stable to the environment and tolerate moisture to such an extent that
water can even be used as solvent [2, 3]. Other functional groups that may be
present including the widely present and often reactive carbonyl group are gen-
erally untouched by palladium chemistry.

Industrial applications of palladium are also possible (and many are in use
today) [4] due to the comparatively reduced costs against other noble metals such
as platinum. Toxicity also poses less problems unlike some metals i.e. the use of
tin in the Stille coupling [5].

M. Hutchby, Novel Synthetic Chemistry of Ureas and Amides, Springer Theses, 1
DOI: 10.1007/978-3-642-32051-4_1, © Springer-Verlag Berlin Heidelberg 2013
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1.2.1 Non-Oxidative Palladium Catalysis

In the broad sense of palladium catalysis, a reaction can be classified into one of
two categories. The first, discussed herein, is the more widely applicable non-
oxidative transformation (non-oxidative meaning no added external oxidant is
required). These palladium (pd) (0) catalysed processes are responsible for some of
the most efficient C—C and C-heteroatom bond forming reactions [6-9] The other,
requiring oxidation in order to regenerate the active palladium species will be
discussed later (Sect. 1.2.2).

Pd(0) is (nominally) electron rich and can undergo oxidative addition to sub-
strates such as halides and pseudo-halides (e.g. triflates). The result of this is a
palladium species in the +2 oxidation state (Scheme 1.1).

This new o-alkyl Pd(Il) intermediate is the key species for the following
prominent non-oxidative palladium catalysed reactions.

L L R
L-Pd-L LPd+l == 2 R-X !
| ot L=Pd+2L ——————— L-Pd-X
L L L Oxidative addition t
Pd(0) PA(IT)

Scheme 1.1 Oxidative addition of a Pd(0) species

The Mizoroki-Heck reaction (first discovered by Mizoroki [10] and subse-
quently improved by Heck [11]) is a carbon—carbon bond forming reaction
between an alkyl, alkenyl or aryl halide/pseudohalide and an alkene via palladium
catalysis (Scheme 1.2).

Scheme 1.2 Simplified Pd(0)Ln
Mizoroki—Heck reaction R-X + AR B—> R _~>r' + BH'X
ase

Following oxidative addition and coordination to the alkene, migratory inser-
tion into the Pd—C bond occurs (carbopalladation). f-hydride elimination then
furnishes the target alkene, while reductive elimination of HX from the metal
centre allows Pd(0) regeneration (Scheme 1.3).

The Suzuki reaction differs slightly from the mechanism described above.
Following oxidative addition, transmetallation transfers the coupling partner (e.g.
aryl, alkenyl, alkyl) from the boron species to the palladium centre. Reductive
elimination releases the desired product and regenerates the active palladium
species (Scheme 1.4).

There are many variations on the cross-coupling reaction. All follow a similar
mechanism to that described for the Suzuki reaction but differ in the nature of the
cross-coupling partner. Hiyama (organosilanes) [12], Negishi (organozincs) [13],
Sonogashira (alkynylcuprates) [14] and Stille cross-couplings (organostannanes)
[15] are a few select examples.
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reductive

elimination HBr/Base
ArBr
Base Pd(0)
oxidative
addition
H—Pd(IIy—Br
MeO
(6]
_ Ar—Pd(I1y—Br
Ar B-hydride 0
elimination
OMe OMe

o |

H Pd(I— Br MeO coordination

r _/L—O

H TS~ =
= (5
insertion Al'_Pd(H)_ Br

Scheme 1.3 Mizoroki-Heck catalytic cycle
Scheme 1.4 Simplified . Pd(0)Ln
Suzuki reaction R-X + R—B(OR"), —— R—R' + XB(OR"),

1.2.2 Oxidative Palladium Catalysis

The successes of C—C and C-heteroatom cross couplings has not been replicated in
oxidative palladium catalysis. Here it is necessary to re-oxidise the palladium after
the completion of every catalytic cycle (Scheme 1.5). For the purposes of this
thesis only external oxidants will be discussed.

Scheme 1.5 Simplified substrate

oxidative palladium catalysis
Pd(IT) Pd(0)

[0]

Oxidation by air itself is an inefficient process, but the addition of copper (II)
chloride (CuCl,) along with molecular oxygen has been used to good effect in the
re-oxidation of Pd(0) to Pd(II) [16]. Whilst there may be a problem associated with
the solubility of O,, CuCl, can be used to oxidise Pd(0) to Pd(Il) and is itself
oxidised back to Cu(Il) by oxygen. Stoichiometric levels of reliable and cheap
chemical oxidants such as 1,4-benzoquinone (BQ) can also be exploited to gen-
erate very efficient catalytic systems (Scheme 1.6) [17]. These oxidants should not
interfere with the reactions or products. One such example of this problem was the
use of BQ in the presence of a diene reagent [18]. This resulted in unwanted Diels—
Alder side reactions which consumed both the oxidant and one of the starting
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_O0 +HX ~-OOH HX
02(2) _ LuPddD_ | — = LaPd(l) H,0,
7 =0 ~X \<
LnPd(0) o LnPd(1D) LnPd(I)X,
/ \
o X /(<r
I
B | 4FPdO)Ln H
Q +HX x <
(0]
OH

Scheme 1.6 Mechanistic relationship between the oxidation of Pd(0) by molecular oxygen and
benzoquinone [17]

materials. Many other oxidants have been used to good effect, these include;
sodium persulfate [19], silver salts [20] and peroxides [21, 22].

If an oxidation pathway is not found that can oxidise palladium rapidly enough,
a high concentration of Pd(0) can build up; aggregation follows causing the bulk
metal to precipitate. This is then difficult to re-oxidise back to the active catalyst. A
critical factor in the success of the non-oxidative palladium catalysed cross-cou-
plings was the discovery of soft donor ligands which stabilise the metal centre.
Due to the oxidising nature of these types of transformations, many soft ligands
(i.e. phosphine ligands) are unsuitable under the reaction conditions and readily
decompose. For these reasons the catalyst is normally introduced as a simple,
stable salt i.e. PdCl, and Pd(OAc),. The insolubility of these compounds in
organic solvents is well known however, as a consequence they are regularly
complexed with coordinating solvents to aid solvation (i.e. Pd(MeCN),Cl,).

The work presented here focuses on oxidative palladium catalysis, in particular
the Pd(II)/Pd(0) manifold. The group of reactions exploiting the Pd(I)/Pd(IV)
catalytic system will not be covered, although they can be extremely efficient
systems in the area of C—H activation/functionalisation. These reactions often use
hypervalent iodine reagents in a dual role. Along with oxidising Pd(II) interme-
diates to Pd(IV) they are also the coupling partner, transferring an organic frag-
ment (e.g. aryl, acetate, oxime) to the palladium centre. Reductive elimination
furnishes the product and regenerates the Pd(Il) catalyst. This work has been
pioneered by Sanford [23-28] and utilised by many others [29-31].

1.2.3 Alkene Functionalisation by Pd(I11)/Pd(0) Manifolds

Pd(II) has a distinctly electron poor centre rendering it more electrophilic than
Pd(0), this allows for coordination to alkenes to form Pd-m-complexes. The
alkenes then become electron deficient and are susceptible to nucleophilic attack; a
reversal in the reactivity normally associated with unactivated alkenes which
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generally undergo electrophilic attack. One such case, the oxidation of ethylene to
acetaldehyde catalysed by PdCl_,, is known as the Wacker process [32] and is
perhaps the most well-known Pd(II) catalysed reaction. This was the first example
of a palladium catalysed process performed on an industrial scale and is named
after the German company that implemented it. Whilst the mechanism has been
studied widely [33-36] a simple representation is shown (Scheme 1.7).

The reaction proceeds through a Pd(II)/Pd(0) catalytic cycle with palladium
being re-oxidised in situ by CuCl, and oxygen. Oxygen is the most environ-
mentally friendly oxidant for such processes but without a co-catalyst it often fails
to achieve complete oxidation of palladium due to the competing formation of
inactive bulk metal. Copper salts are therefore often used which can provide a
more expedient oxidation. The reduced copper species can then be oxidised by the
oxygen atmosphere allowing for its use in catalytic quantities.

After coordination of Pd(II) to an alkene, a carbon-palladium ¢-bond is formed
through a process known as palladation (Scheme 1.8). Depending on the nucleo-
phile present, palladation is named accordingly, i.e. aminopalladation when
nitrogen containing reagents are used and oxy- (Wacker oxidation) or carbopal-
ladation [37, 38] for when the nucleophile is oxygen and carbon respectively. The
palladated species can then react in two distinct ways; (i) f-hydride elimination of

2HCI+0.50,
2 Cu(DCl ”
H0 PA(IT)Cl,
2 Cu(InCl,
H
Pd(0) 29\4 H—---Pd(]])Cl2

A

-HCl
J\ /\ Hj?Pd(lI)Cl
HO” ~H o~ 1

0} H -HCl
Scheme 1.7 Simplified Wacker mechanism
R H
P PdCl, R €l R (G palladation !
RO = |-pa-L — = ('ﬂ— d-L
.Cl
Pd(IT) I JI
Cl Nu-"" Pﬂd

Scheme 1.8 Nucleophilic attack on a coordinated alkene—palladation
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i) R i) R
Nu \t H Nu \t H
ﬁ Cl I
C Pd<A S pac
I I
L L
Nucleophilic Nucleophilic
substitution addition
R R
Pd(0) + HCl + == M~ 4+ Pd() +HCI
Nu Nu
vinyl product nuc. addition product

Scheme 1.9 Reactions of the intermediate palladated alkene

H-Pd-X to give the nucleophilic substitution vinyl product; (ii) attack by another
nucleophile gives the nucleophilic addition product (Scheme 1.9).

Aminopalladation represents one of the key intermediates in the formation of
many nitrogen containing species. Recent work from Senanayake [39] and Larock
[40] has shown that different indoles can by synthesised in one-pot reactions by Pd
catalysed aminopalladation. However, the reactivity of the nucleophile differs
greatly according to the type of nitrogen source. For example, primary amines
(which would give enamide products) can strongly coordinate to palladium and
can cause catalytic death—that is an inability to displace the coordinated species
from the metal, causing a shutdown of reactivity.

Figure 1.1 demonstrates some of the reactions available following aminopal-
ladation. Tertiary amines (a) are available from secondary amines by reducing the
corresponding palladated complex with a simple hydrogenation [41]. The same
aminopalladated intermediate can be converted to the p-acetoxyalkyl amine
derivative (b) with oxidation by lead acetate [42] and an in situ oxidation by m-
CPBA can be used to generate 1,2 diaminoalkanes (c¢) [43]. Aziridine products
(d) can be formed by bromination of the aminopalladate (e) [44] whilst a stable,
chelated acylpalladium complex (g) can be obtained from the carbonylation of
() [45].

The intramolecular versions of the above reactions occur much more readily
[46]. This is primarily due a significantly lower entropic penalty, with both
functional groups tethered together allowing for a more favourable and easier
interaction. Stahl and co-workers have contributed significantly to developing
intramolecular Pd(II) aminations [47]. Focusing on the development of aerobic
oxidation methods, several efficient intramolecular pathways to N-heterocycles,
including indoles (Scheme 1.10) and pyrrolidines (Scheme 1.11) were developed.
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R H
R H —( R H
— RoN  OAc
RN H b RN NR,
a / c
H '
2(®) Pb(OAC), T (O], R;NH
R H
R;N  PdCI
TR’zNH
/= +Ppdcl,
R
R'Nl—i/ \f:H, R,NH
R
R’ H N ¢l
B , co o
L B R,N—>PdCl ® Pd
R,N  PdCI —/ NR,
R
e 0 g

Fig. 1.1 Some possible transformations post-aminopalladation

PdCl,(MeCN), (10 mol%)

Scheme 1.10 Intramolecular Pd(II) F BQ (1 eq)
catalysed indole formation N
NH THF

2
reflux, 18 hrs, 86%

Tz

Pd(OAc), (5 mol%)

NaOAc (2 eq) \/O
/\/\/\NHTS \ + H2O

0, (1 atm) N

DMSO

tt, 72 hrs, 93%

Scheme 1.11 Intramolecular Pd(II) catalysed pyrrolidine formation

1.2.4 Carbonylation of Pd(Il) Complexes

It is well known that two ligands present on coordinated palladium can react
together to produce a new complex that still has the composite ligand attached
ready for further modification. This process of migratory insertion occurs when
one of the ligands attached to the metal migrates onto another. This is then
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followed by insertion of one of the ligands into the other metal-ligand bond
(Scheme 1.12). It is a reversible process and, as the metal effectively loses a ligand
in the process, the overall insertion may be driven by the addition of extra external
ligands to produce a coordinatively saturated complex.

L
Y |
N Migratory insertion X M L=CO,RsP X M
M e NI — T\ /
X Y Y
Saturated Unsaturated Saturated

Scheme 1.12 Migratory insertion; X migrates from M to Y

In a similar way to reductive elimination, a cis arrangement of the ligands is
required and the migrating group retains its stereochemistry (if any) during the
migration. The ligand to be inserted must be unsaturated to accommodate the
additional bonds that will be formed and examples of such ligands include carbon
monoxide, alkenes and alkyl phosphanes. Theoretically, migratory insertion and
chain extension can be maintained indefinitely, as seen with the much investigated
palladium catalysed CO/vinyl polyketone synthesis [48].

Carbonylation (Scheme 1.13) is the addition of carbon monoxide to organic
molecules and is an extremely important industrial process. The cheap and readily
available gas is an excellent one-carbon feedstock and the resulting metal-acyl
complexes can be converted into aldehydes, acids and their derivatives.

Scheme 1.13 Carbonylation oc\ (0]
MLn

LnM R
R

Due to the gaseous nature of the reagent, the insertion process can be driven
effectively by increasing the pressure of CO, forcing external ligands onto the
metal. Maintaining CO pressure is also advantageous in arresting the reverse
carbonylation process—decarbonylation.

Oxidative carbonylation of alkenes is a unique reaction that occurs through the
use of Pd(II) salts. When performed in alcoholic solvents it can be thought of as
proceeding through the formation of an alkoxycarbo palladate species 1
(Scheme 1.14). Carbopalladation of an alkene with 1 gives 2. f-hydride elimi-
nation of this intermediate then yields the «, ff-unsaturated ester.

In 1964 Tsuji [49] reported the first instance of oxidative carbonylation and
following this initial discovery the scope of the reaction has been studied widely
[50-52]

Oxidative carbonylation of alcohols (Scheme 1.15) is another extremely
important example of the use of carbon monoxide as a convenient method of
introducing carbonyl functionality. Selectivity between mono- and di-carbonylation
is dependent on CO pressure and reaction conditions, in one particular case the
reaction is rendered catalytic with Cu(Il) and Fe(IIl) salts as external oxidants [53].
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B-hydride

» R R elimination S

PdX, + CO + ROH ——> X.Pd-CO,R + HX ———> ———— =+ Pd(0) + HX
X-Pd COR COR
1 2

Scheme 1.14 Oxidative carbonylation of alkenes
Scheme 1.15 Oxidative OR
carbonylation of alcohols CO + 2ROH + PdCl, —> O=C\ + Pd(0) + 2HCI

OR

CO,R
2C0 + 2ROH + PdCl, —= 1 2" . p4) + 2HCI
CO,R

NH, PdCl, (10 mol%)

CuCl, (15 mol%) (6} 0
’ Ph\NJLN/Ph + l)h‘NJ\OR

C0O:0, (2:1) (1 atm) H H N

ROH (solvent)

80 °C, 6 hrs urea carbamate

Scheme 1.16 Oxidative carbonylation of amines

Analogous to the reaction above, ureas can be formed by oxidative carbonyl-
ation of amines under an atmosphere of CO. Again, these can be performed under
mild conditions of 1 atm and at room temperature (Scheme 1.16) [54]. It was
found that CuCl, influenced the catalytic nature of the reaction, and altering
reaction conditions (30 bar, 110-150 °C) the proportion of carbamate esters could
be increased.

Anhydrides, diesters, carbamates and ureas are all important feedstocks for the
pharmaceutical/fine chemical industries which, through the use of Pd(II) catalysis,
can be synthesised with lower environmental impact than traditional methods.

1.3 Palladium Catalysed C-H Activation
1.3.1 Overview

The process of inserting a transition metal complex into a C—H bond allowing for
further functionalisation is known as C—H activation. Through this direct process,
the need for a pre-functionalised starting material is negated and as a consequence,
waste can be reduced.

The Mizoroki—Heck reaction (Scheme 1.17) for example allows for selective
functionalisation [55]. The m-electron system has been activated under ‘mild’
conditions and coupled to form a new C-C bond. Atom economy has been
neglected with halogenation of the desired coupling position necessary. This extra
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Pd(OAc), (5 mol%) 0

o
Br Et;N (1 eq) . .
+ Off —————> OEt + Br HNEt3+
| PEG

80°C, 8 hrs, 90%
Scheme 1.17 A standard Mizoroki—-Heck reaction

functionalisation will also use additional resources, cost more and generate sig-
nificant amounts of salt waste.

In 2002, de Vries and co-workers demonstrated a Mizoroki—Heck type reaction
which allowed direct insertion into an aryl C-H bond eliminating the need for
organic halides (Scheme 1.18) [56].

Pd(OAc), (2 mol%)
0 BQ (1 eq)

H

N pTsOH (0.5 eq)
\ﬂ/ + OBu —————>
O | HOAc/Toluene

rt, 18 hrs, 72%

Scheme 1.18 Selective Pd-catalysed oxidative coupling of anilides with alkenes

A wide range of transition metal complexes have been at the forefront of such
developments [57-59]. The ability to tune reactions electronically and sterically by
varying the metal and/or ligands has led to wide interest. The ability to render these
systems catalytic is extremely beneficial, not only lowering costs but also reducing
the waste generated. C—H activation is one of the most active fields of research
in organic chemistry and the already vast area is expanding rapidly [60-62].
For these reasons an extensive review will not be shown here, Pd(II) catalysis will
be focused upon.

Palladium catalysed C—H activation reactions now populate the literature. They
include oxidative (Pd(II)/Pd(0) [63] and Pd(II)/Pd(IV) [64]) and non-oxidative
transformations [65] and span alkyl [66], allylic [67], aromatic [68] and hetero-
aromatic [69] C—H bonds.

The difficulties associated with activating an sp3 C-H bond are revealed in an
example from Yu and co-workers (Scheme 1.19) [70]. Selectivity is a problem,

F Pd(OAc), (10 mol%) -
AgOAc 4
F. F g0Ac (4 eq) F. F
0 Cs,CO5 (1.2 eq) Ph O
\)J\N F I\)J\N F
H Phl H
F F

130 °C, 3 hrs, 68%

Scheme 1.19 Amide-directed arylation of sp®> C-H bonds
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with multiple C—H bonds leading to di- and tri-arylation. Reactions can also be
very inefficient, with Yu utilising phenyl iodide as solvent, 4 equivalents of silver
acetate and heating to high temperatures.

1.3.2 Directing Groups in C-H Activation

The challenge of selecting one particular C—H bond in a molecule where there can
be multiple choices is a persistent problem within the field. To a large extent,
directing groups have been successfully employed to overcome these issues.

This is particularly true in the ortho-functionalisation of aromatic rings where a
myriad of examples are now present in the literature. Aldehydes [71], carbamates
[30] and amides have all proved powerful directing groups with the latter pro-
viding a range of diverse examples (Scheme 1.20) [29, 56, 72].

Pd(OAc), (2 mol%)

BQ (1 eq) -

pTsOH (0.5 eq) N R

nButyl acrylate (1.5 eq) \[O]/
HOAc/Toluene CO,"Bu R=CH;

rt, 18 hrs, 72%

Pd(OAc), (10 mol%)
CuCl, (2 eq)

H N_ R
N\n/R Cu(0AC), @ eq) ©: hig
DCE _
©/ o a® R=CH,

90 °C, 48 hrs, 80%

Pd(OAc), (5 mol%)

AgOAc (1 eq) Pho

PhI (5 eq) NT R

TEA 0 R=/Bu
Ph =

130 °C, 72 hrs, 91%

Scheme 1.20 ortho-Functionalisation of anilide derivatives

In these examples it is important to note the presence of a heteroatom in close
proximity to the reaction site of interest. It is this heteroatom that is responsible for
‘trapping’ or holding the transition metal in place in the form of a metallacycle.
The selectivity imparted through this process allows for the ortho-substitution
reactions presented so far (Fig. 1.2).

Aside from the carbonyl functional group, pyridine has commonly been used to
obtained selectivity. This work has been pioneered by Sanford and co-workers
publishing not only synthetically useful procedures [73] but also elegant mecha-
nistic investigations (Scheme 1.21) [74].
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Fig. 1.2 Stabilisation of a R
palladium complex by a
heteroatom Y
Y=heteroatom

Pd_

/

I L

OAc \

N N, | o OAc ‘
= Pd(OAc)z(leq) MN = PhI(OAcz)(l leg T N pdlv _N
-
MeOH CH2C12 IL MeCN Ph
rt, 12 hrs, 61% 1t, 0.5 hr, 93% D 80 °C, 0.5 hr, 95%
7

Scheme 1.21 Mechanistic studies on pyridine directed C—H activation

1.3.3 Mechanistic Aspects

The rapid growth of this field has been stimulated by the desire to understand the
subtle underlying processes behind such transformations [75, 76]. It is vital in
order to predict and design new reactions such information is available.

‘True’ activation of a C—H bond encompasses the group of reactions in which
an organometallic (o-organyl) derivative is formed as an intermediate or a final
product. The o-bond that is created links together the metal centre with an organic
fragment (alkyl, aryl etc.) via a carbon atom. In catalytic systems the breaking of
this bond is required to complete the desired reaction through the transfer of a new
functional group onto the carbon atom. There are several proposed mechanisms for
C-H activation, some more related to specific reactions then others. These
mechanisms will be discussed briefly.

1.3.3.1 Oxidative Addition

For the facile reaction shown in Scheme 1.22, the reactive palladium complex may
have a high or low oxidation state and must have an empty o-type molecular
orbital to accommodate the incoming species. It must also have a high energy
molecular orbital containing a lone pair of electrons which will be transferred into
the o* orbital of the C—H bond. Overall the oxidation state of the metal increases
by two and the C—H bond receives two electrons from the metal complex forming
a new metal-carbon and metal-hydrogen bond.

Scheme 1.22 Oxidative /‘\ /‘\

addition by a metal species X C X

C
into a C-H bond | | |
H M@ H—Mam")

where X = O, N, P etc.
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1.3.3.2 Electrophilic Addition

Metals with high oxidation states take part in electrophilic substitutions. For
example electrophilic addition into an aromatic C—H bond proceeds in two stages
(Scheme 1.23).

Scheme 1.23 Electrophilic ® M

substitution of a benzene ring H Mt _H* M
by an electron deficient metal H

species (M)

The central atom does not change oxidation number throughout the electro-
philic mechanism. Such processes do not form metal hydrides, the proton simply
dissociates as a free or bound species (Scheme 1.24).

a )
?X—'CX+H+

|
H M(n) M(n)

where X = O, N, P etc.
Scheme 1.24 Electrophilic addition resulting in dissociation of a free proton
In cases such as the one presented, nucleophilic assistance may be required to

accept the leaving proton. This may be in the form of a coordinated or free base
(Scheme 1.25).

| I H '. > C—‘M(n) + HB

where X = O, N, Petc.

Scheme 1.25 Coordinated base assisted electrophilic addition

1.3.3.3 Carbometalation

A Heck-like process could occur if the palladium centre already bears the cross-
coupling partner (Scheme 1.26).

Although insertion into a C-H bond does not occur and the C—H bond ulti-
mately broken is not the one bearing the palladium, we can still view this
mechanism in the context of C-H activation, especially when selectivity is
achieved though a directing group.
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R
H &)
©/ RPd(IN)X PA(IX (3 -hydride elimination H
—_—

Scheme 1.26 Carbopalladation/Heck type C-H activation

1.3.3.4 Concerted Metalation/Deprotonation

In 2005 Davis and co-workers investigated the cyclometalation of dimethylben-
zylamine through computational measurements [77]. In contrast to the original
mechanistic studies (which proposed a Wheland intermediate) [78] the group
suggested the formation of an agostic complex and subsequent deprotonation to be
rate determining. The presence of an acetate ligand to act as an intramolecular base
through a 6-membered transition state allows for this deprotonation with little
distortion in the system (Scheme 1.27). This work was also pioneered by Fagnou
and is the topic of many reviews [79].

Scheme 1.27 Acetate Me, Me

assisted deprotonation of an N\ /OAc

agostic intermediate Pd__
(o]

H‘O/)\

1.3.4 Carbonylation and C-H Activation

Once a formal C-H insertion has taken place, further functionalisation can occur in
several ways. The introduction of carbon monoxide (Sect. 1.2.4) can lead to acyl
palladium complexes and from this a wide range of derivatives, for example
aldehydes, esters, amides etc.

Orito and co-workers reported a Pd(II) catalysed formation of benzolactams via
aromatic carbonylation [80]. This was accomplished through the activation of the
ortho-C—H bond, directed by a tethered amino group (Scheme 1.28).

In 2008 Yu and co-workers developed a useful synthesis of dicarboxylic acids
from both aryl and vinyl substrates [81]. Using the carboxylic acid motif to direct
the palladium catalyst to the ortho-position, CO insertion and subsequent

Scheme 1.28 Benzolactam Pd(OAc), (5 mol%)
synthesis via Pd(II) catalysed NHpy CH(OAC), (0.5 eq)
C—H fictivation/carbonylative COir (1 atm) i N"Pr
insertion
toluene le}

120 °C, 2 hrs, 84%
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hydrolysis furnished the desired product (Scheme 1.29). It should be noted the
above reaction is complementary to the ortho-lithiation/CO, insertion process
directed by amide groups [82].

Scheme 1.29 Synthesis of Pd(OAc), (10 mol%)

1,2-carboxylic acids via Ag,CO;z(2eq) COOH
Pd(ID)-catalysed COOH NaOAc (2 eq)

carboxylation CO (1 atm)

COOH
1,4 Dioxane

130 °C, 18 hrs, 80%

The previous two carbonylative insertion reactions demonstrate the potential
for this chemistry. Unfortunately the high temperatures, high catalyst loading and
expensive reagents reduce the applicability, especially in the fine chemical
industry where maintaining high temperatures is difficult and expensive. It would
therefore be advantageous to develop chemistry which can be performed at
ambient temperatures.

1.4 The Urea Functional Group

A directing group, post C—H activation/functionalisation may be superfluous to the
requirements of the researcher. It is therefore advantageous to be able to remove/
transform such a group with the greatest of ease (akin to classic protecting group
chemistry). The urea moiety has been shown to be an effective directing group in
C-H activation [83] but the difficulty in its removal, subsequently limits its syn-
thetic use.

The urea moiety can be thought of as a robust protecting group for aromatic and
aliphatic amine groups. Inertness to nucleophilic attack comes through its reso-
nance structure, providing stability in all but the most extreme reaction conditions
(high temperatures, pH, high pressures etc.) (Fig. 1.3).

o O O

+ - , - +
R',N NHR, R,N NR, R'>HN NR,

Fig. 1.3 Urea resonance forms

This resistance to nucleophilic attack can also limit their utility as a protecting
group because they are difficult to remove. Current methods of urea ‘deprotection’
are limited to reactions involving metal or enzymatic catalysis, high temperatures
and/or hydrolysis at extreme of pH.
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1.4.1 Enzymatic Deprotection

The enzyme urease catalyses the hydrolysis of urea into ammonia and carbamic
acid (which then spontaneously decarboxylates to another molecule of ammonia
and carbon dioxide) (Scheme 1.30).

0 0
urease
J _Urease . NH —— NH, + CC
N~ NH, * O 3t HszOH 3t

Scheme 1.30 Urease catalysed hydrolysis of urea

This is a well studied process with nickel (Ni) (II) present in the enzyme which
catalyses the process [84]. Further elucidation of the crystal structure by Karplus
and co-workers showed two Ni(II) atoms on the active site [85]. It is theorised that
the oxygen of urea coordinates to one of the nickel atoms facilitating nucleophilic
attack by a hydroxyl group ligated to the other metal centre (Fig. 1.4).

Fig. 1.4 Possible
mechanism of action for o [Ni%_ NH,
urease catalysed hydrolysis of & 0=
@ /‘ NH,
urea 5
=N,
“"OH

There are some reports of urea coordination to a metal complex through
nitrogen followed by decomposition to ammonia and carbon dioxide [86, 87].
These systems are not thought to be representative of the urease mode of action
due to the differences in reaction conditions.

Zerner and co-workers were successfully able to mimic elements of the
enzyme-catalysed reaction by employing excess NiCl, and N-(2-pyridyl-
methyl)urea in an aqueous ethanol system [88]. Through kinetic measurements and
absorption spectroscopy they were able to conclude oxygen coordination of the
urea promoted nucleophilic attack to form tetrahedral intermediate 3. Following a
prototropic shift, ammonia is ejected leaving the nickel bound to the hydrolysed
product (Scheme 1.31).

N NH, " NH, H CNHa* OEt
o=¢£"_>o o) oy o) O, ,O:L
NH | P Et P Et NH
NiZ* Et - NP NH » NiZ NH - NiZ
\\\N I\\\\ prototropic I\\\ Tl
= N= shif t N= N=
\_/ \ 7/ \ 7/ \_7

Scheme 1.31 Model system for the urease catalysed hydrolysis of ureas
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The effect urease has on hydrolysis is striking. Uncatalysed hydrolysis of urea
in aqueous media has never been reported whereas best estimations have the
enzymatic rate enhancement at least 10'* at biological pH (7) and temperature
(37 °C) [89].

Mushroom tyrosinase was successfully used in the deprotection of ureas as
reported by Osborn and Williams [90]. Building upon tyrosinase oxidations of
phenols and catechols, the group cleverly exploited the enzymatic pathway that led
to unstable urea intermediates. With the resonance stability disrupted, facile
hydrolysis furnished the unprotected amine (Scheme 1.32).

AT i
o OH Tyrosinase i (\N/Ci )OLI/{ le)
J 7 Rx"n o T RANTN
H H H

R—
NN OH
H H 0,

1 -

lo) [0}
-CO, ) H,0 i OH
R-NH ~———  R- -« Ry
2 N Ton N

Scheme 1.32 Mushroom tyrosinase catalysed deprotection of ureas

While the reaction uses a commercially available enzyme and can achieve high
levels of chemoselectivity, the initial pre-functionalisation involving triphosgene
and amine coupling partner may prove difficult in more complex molecules.

1.4.2 Metal Catalysed Deprotection

Knowing that Ni(I) plays a key role in urease catalysed hydrolysis of urea, a large
variety of alternative metal species have been screened in an effort to find synthetic
equivalents, these included rhodium (III) [91], platinum (II) [92] and cobalt (III)
[93] complexes. Many of these systems showed modest to good activity but few
were catalytic with respect to the metal.

Kosti¢ and co-workers found Pd(II) aqua complexes (Fig. 1.5) were active in
catalysing the hydrolysis [94] and alcoholysis [95] of urea in aqueous media. They
studied the roles of acid and base along with several inhibitors of the reaction
(thiourea and ammonia). Using 13C and "N enriched urea, NMR studies were
successfully employed in producing a comprehensive kinetic profile. Both oxygen

H
OH;
Fig. 15 cis-[Pd(en)-(H0),]** [N\Pd/m) ’
/
\
N on,
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and nitrogen-bound Pd-urea species were observed to evolve CO, with the
nitrogen-bound Pd-carbamic acid identified as a key intermediate.

Phenyl urea can be converted into methyl phenylcarbamate (MPC) in the
presence of catalytic Pb(OCHj3), in methanol [96]. Without the catalyst, selectivity
and yield of MPC were modest (64 and 45 % respectively) with the formation of
aniline, ammonia and methyl carbamate as by-products. It was speculated that a
reaction between phenyl urea and methanol occurs via an addition—elimination
mechanism resulting in two contrasting pathways dependent on the orientation of
methanol (Scheme 1.33).

0
L MeOH
N~ “NH,
H

NH, McO~ "NH,

Scheme 1.33 MPC formation in the absence of Pb(OCHj3),

In the presence of Pb(OCHj3),, MPC selectivity increased (80 %) as did isolated
yield (86 %). A similar addition/elimination pathway was proposed with aniline
formation suppressed due to the size of Pb(OCH3), and the phenyl ring (Scheme 1.34).

[ 1 )OL s
o
MeOH
NH, ©\ J + CHOPONH, ————= PB(OCH), +NH;
N7 oMe

A

[¢]
LA, o
N7UNHy  Pb(OCHs),

MeO—Ph(OCH;)
0
NJLNH — @\ 9
b — +
. “: NH, MeO)LNHZ
(H,CO)Pb—OMe

Scheme 1.34 MPC formation in the presence of Pb(OCH3),

The conversion of ureas to carbamates has also been shown by Shivarkar et. al.
using a tin based catalyst (nBu,SnO) and a carbonate coupling partner (4)
(Scheme 1.35) [97].

The reaction is formally a tandem ester aminolysis of carbonate and alcoholysis
of urea, proceeding via a nucleophilic attack by the tin catalyst on the carbonate
carbonyl (Scheme 1.36). This leaves the key intermediate 5 which can then
interact with the substituted urea to eliminate one molecule of carbamate. The
resulting tin species 6 can then react with another molecule of carbonate, releasing
the second carbamate and regenerating S.
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O
O (6]
Bu,SnO (0.28 eq)
ph. J _ph 2
b - Ph_ _Ph Ph. _Ph
Non e 2 pne A
4 150 °C, 4 hrs, 93% H
Scheme 1.35 Tin catalysed carbamate formation
Bu,SnO
O
R'O)J\OR'
OCOOR'
(6]
J\ BuZSn/\ J?\
! OR'
RHN" "OR 5 RHN” “NHR
0 (0]
OCONHR !
R'O OR' Buzsn/ RHN OR
"OR'
6

Scheme 1.36 Cataltyic cycle for tin mediated carbamate formation
1.4.3 Alternative Methods

Clayden et. al. were able to use lithiated ureas to effect a stereospecific intramo-
lecular electrophilic arylation [98]. Substituted diarylmethylamines were ulti-
mately synthesised through the removal of the superfluous urea group, post-
lithiation. This was achieved through either DIBAL reduction (refluxing toluene,
48 h) or nitroso derivatisation and subsequent base catalysed hydrolysis
(Scheme 1.37).

o O BuONO (6 eq) o} O LiOH (6 eq) O
b on J L e
MeHN IT O gszfﬁliq Me | O THF:H,0 (3:1) MeHN O
’ ‘ 80 °C, 72 hrs, 72%

Scheme 1.37 Urea cleavage of nitrosourea derivatives

The need for two additional synthetic steps to remove the urea group is far from
ideal. The conditions presented are also unsuitable for functionalities sensitive to
nitration and/or strong base.

The synthesis of vicinal diamines has also been achieved through the removal
of the urea functionality [99]. The procedure required prolonged reaction times,
high temperatures and acidic conditions (Scheme 1.38).
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/
N/ 12 M HCI NH
(I © (I
N\ 105 °C, 14 days, 45% N\H * 2 HCI

Scheme 1.38 Diamine synthesis requiring harsh reaction conditions

As the authors acknowledge, this methodology cannot be applied to molecules
which have unprotected acid sensitive functionalities. Reaction times of 2 weeks
are also impractical in all but the most extreme cases, especially for yields as
modest as 45 %. This reaction highlights the difficulties in removing the urea
group and the advantages that would be gained in the development of a high
yielding, mild, expedient deprotection strategy.

1.5 Twisted Amides

The amide functional group can be considered one of the most fundamental and
important motifs in both chemistry and biology. Akin to ureas (Sect. 1.4) the lone
pair of electrons on nitrogen can be delocalised onto the carbonyl, forming a
partial double bond (Fig. 1.6).

Fig. 1.6 Amide resonance )L R -~ )\\ LR

As a consequence, most non-cyclic amide bonds are planar. If conformational
restrictions force the lone pair of electrons out of the plane, disrupting resonance,
the amide can be considered to be ‘twisted’.

First proposed in 1938, [100] twisted amides can display dramatic differences in
stability and reactivity, acting more like amines than standard amides due to the
increased basicity of nitrogen. (Fig. 1.7).

Fig. 1.7 Planar amide (lef?). R R
Twisted amide (right) /8—191\/ N\/
g= o §fe

Whilst there are no minimum criteria to qualify as a twisted amide, there are
several key features that are common throughout. The carbonyl infrared absorption
band often lies within the ketone range (~1700-1800 cm™' as opposed
to ~ 1650 cm™' for amides) and '*C NMR carbonyl shifts also see a significant
change from standard amide values (~ 180 ppm for twisted amides vs. ~ 165 ppm
for planar amides) [101]. X-Ray crystallography is also highly diagnostic, enabling
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precise measurements of angles and bond lengths with Dunitz and Winkler
reporting three independent values to quantitatively evaluate the extent an amide is
twisted [102]. These parameters describe pyrimidalisation of the nitrogen () and
carbon (yc) and the torsion angle about the C-N bond () (Fig. 1.8).

Fig. 1.8 Dihedral angles 20
used for determining torsion R' R\ ™
angle. (1) = (0l + w2)/2 OYI{I‘
R
R
W/
R | R
®

Twisted amides can exhibit unusual reactivity including facile hydrolysis in
water [103, 104]. This is in contrast to planar amides where delocalisation effects
provide stability against nucleophilic attack. Before the structure of penicillin was
determined by X-Ray crystallography it was widely agreed that it could not
contain an amide bond due to the speed of hydrolysis in water [105]. Woodward
(correctly) postulated that a f-lactam ring in which ring strain forces the amide to
adopt a non-planar conformation was responsible for activity (Fig. 1.9) [106].

Fig. 1.9 General structure of

R H H
penicillins ?]/N Z_S
¢ TI<
0 B

CO,H
1.5.1 Lactams

Many amides situated within lactams can become twisted, with rigid geometrical
restraints forcing the non-planar conformation. Kirby et. al. reported the prepa-
ration, crystal structure, and reactivity of one such example; 1-aza-2-adamanta-
none (Fig. 1.10) [107].

Fig. 1.10 1-aza-2-adamantanone

As expected, the structural data is unlike that for a regular amide bond
(IR C =0, 1732 cm™', >*C NMR C = O, 200 ppm) and the crystal structure
shows a twist angle of T = 90.5°. The amide was synthesised from a known ester
imide in four steps (Scheme 1.39).

The ketone-like reactivity of this remarkable molecule further demonstrated its
unusual features. Enamine formation occurred when reacted with a phosphorus
ylid under standard Wittig conditions whilst acetal formation occurred in the
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H
W NH NAc
O CO,Me  LiAlH, H. ACzO CHO KMnO, COLH I+ 1.5 MHCI
_LiAlH, S oMiEe
2. CrO; 2Py 2. Heat

Scheme 1.39 Synthesis of 1-aza-adamantanone

Scheme 1.40 Ketone like CH,=PPh; N CH,
reactivity
N (0] N 0/7
HO” >"on 0
H+
I\I/[e
+
Me;0*BF, A2
L »

presence of a diol under acid catalysis. Methylation also occurs on nitrogen with
Meerwein’s reagent (Scheme 1.40).

Amides of bicyclic bridgehead lactams are also highly twisted. In this emerging
area there are now many examples of this class of molecule over a range of ring
sizes [108—112] Perhaps the most prominent example of these ‘anti Bredt’ [113]
molecules is the widely targeted 2-quinuclidone 7 (Fig. 1.11).

Fig. 1.11 2-Quinuclidone [
N

7 0

Originally proposed by LukeS as a model system to examine twisted amides
[100], the molecule remained ‘theoretical’ for over 60 years, despite many
attempted syntheses [114-116] Many routes to 7 focused on standard amide
forming techniques (peptide coupling reagents etc.) and it became apparent that
with a high susceptibility to hydrolysis, an alternate strategy was needed. By
focussing on expulsion of N, as the driving force for the construction of the
strained bicyclic core, Stoltz and Tani reported the first synthesis of 2-quinucli-
done as the tetraflouroborate salt (Scheme 1.41) [117].

As expected, the crystal structure of the BF, ™ salt of 7 (7a) showed a large twist
angle (t = 90.9°) and a carbonyl infrared absorption band of 1822 cm™'. The
need to trap 7 as the protonated salt is revealed upon investigations into its
chemical reactivity. Instantaneous hydrolysis is observed when dissolved in D,O
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HO HO
mCPBA (1.07 eq) TsCI (1.1 eq)
} o NaHCO3(2 eq) o LiAlHy (1 eq) EN (1.1 eq)
_— > —_— B ——
Et,0 CH,C1
CH,Cl, o 2 2l
1t, 1 hr, 98%
£, 20 hrs, 79% ‘o oH rt, 48 hrs, 74% OTs
NaNj; (1.05 eq)
DMF
1. HBF, (2 eq) 70 °C, 1 hr, 92%
E,0O Dess-Martin

1t, 1 hr Periodinane (1.1 eq)
al OWM . HO N
H+

) 2. recrystallisation CH,Cl,
B MeCN:Et,0 rt, 1 hr, 93%
38%

Scheme 1.41 Stoltz and Tani synthesis of 2-quinuclidone tetraflouroborate

(1, of <15 s) and all attempts to isolate the free-base resulted mainly in polymeric
material.

1.5.2 Alternative Twisted Amides

Examples of twisted amides that are not geometrically restricted (either at a
bridgehead or in strained lactam) are scarce. One such example from Yamada
details the remarkable reactivity of a hindered thiocarbonyl moiety 8 (Fig. 1.12)
[118]. These molecules can perhaps be thought of more accurately as thioimides
rather than classical amides however.

Fig. 1.12 Sterically S

encumbered twisted amide JJ\
N
\_/

It was found that 8 was able to acetylate alcohols under neutral conditions,
whereas less sterically demanding analogues proved unreactive (Scheme 1.42)
[119].

This disparity was investigated by examining the physical properties of a series
of increasingly bulky substituents. (Table 1.1).

The carbonyl infrared absorption band shows more of a shift towards the ketone
region in 8 than the less sterically demanding analogues, suggesting poorer overlap
of the nitrogen lone-pair. A significantly more electron poor carbonyl also suggests
electron donation is reduced. X-Ray crystallographic analysis finally revealed the
extent to which the amide bond was twisted. The 1,3-thiazolidine-2-thione ring
and the carbonyl group are nearly orthogonal, presumably from the steric repulsion
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R j\ toluene (0] R = /Bu = 979

=Bu=97%

Hhon + O)\N S /H:O)J\R = Me = 2%
\__/ 80°C, 18 hrs ‘ =Ph=1%

Scheme 1.42 Acylation of 1-hexanol

Table 1.1 Spectroscopic Entry IR (cm™ ) (C = 0) 5 (cc=0)
properties of increasingly

hindered amides j\ 1697 170.6
O)\N S
-/
)\ S 1702 175.6
o N 'S
i S 1701 178.7
o N S
i 1726 187.8
X
o N S
Fig. 1.13 Orthogonal S Me
conformation, disrupted 8 W tBu)j\ % N Q S
overlap (left). Planar N S N 4
conformation, good overlap d\ / ~~—S
(right)
Fig. 1.14 Conformation and
reactivity —
(@) N
)
9

between the fert-butyl group and the thione. X-ray analysis of the methyl analogue
shows the carbonyl and thione ring to be almost planar allowing for strong overlap
between the nitrogen lone-pair and the carbonyl n—system (Fig. 1.13).

In 2002, Clayden et. al reported the unusual dearomatisation of aryl 2,2,6,6-
tetramethylpiperidine (TMP) amide derivatives through what was postulated to be
a twisted, de-conjugated conformation 9 (Fig. 1.14) [120]. The barrier to C-N
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rotation of these TMP amides (28 kJ mol_l) [121] is substantially lower than that
of smaller, less sterically demanding amides (e.g. 65 kJ mol™" for the dimethyl
analogue) [122], allowing for a greater proportion of 9, the species thought to be
susceptible to nucleophilic attack and dearomatisation.

Treatment of these amides with organolithium reagents and then an electrophile
furnished cyclohexadiene derivatives. This occurred through nucleophilic attack at
the ortho position in a Michael-type addition and then subsequent electrophilic
quench of the resultant enolate (Scheme 1.43). This unusual reactivity was thought
to be due to the conjugation of the phenyl ring with the carbonyl n-bond, activating
the ring towards nucleophilic attack while the four methyl groups on the TMP

block the carbonyl from attack.
RLi .

Scheme 1.43 Cyclohexadiene formation

o

R

Amides possessing two electronegative heteroatoms on nitrogen have also been
shown to display twisted amide characteristics [123]. During their investigations
into direct-acting mutagens [124] Glover and co-workers found that N-acetoxy-N-
alkoxybenzamides (ONO) displayed vastly different properties when compared to
normal amides. (Fig. 1.15).

Fig. 1.15 N-Acetoxy-N- o)
alkoxyamides @—( /—W
N-O

The nitrogen atom of such species was found to display a high level of pyr-
imidalisation in order to maximise electron density distribution near the electro-
negative atoms. This tetrahedral shape allows for very little lone pair
delocalisation onto the neighbouring carbonyl resulting in high C = O stretch
frequencies (1730-1750). Hydrazine derivatives (NNO) [125], chloro (ONCI) [126]
and sulfonyl (ONS) [127] bis-heteroatom amides have also been synthesised, all
exhibiting strong pyrimidalisation at nitrogen.

The unusual reactivity of these compounds was exploited through the addition
of sodium azide in an SN2 displacement, followed by Heteroatom Rearrangement
on Nitrogen (HERON), liberating N, and forming an ester (Scheme 1.44).

Twist angles for this class of compounds are moderate in comparison to those
incorporated into a lactam bridgehead (14-15°).
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Scheme 1.44 Acetate displacement by azide followed by HERON

1.6 Ketenes

Since Staudinger first prepared and characterised diphenylketene (Fig. 1.16),
ketenes have attracted organic chemist’s attention for more than a century [128].
No less than 20 Nobel laureates (including Staudinger) have studied these fasci-
nating molecules while research into their properties, structure and reactivity are
still an active area of research.

Fig. 1.16 Diphenylketene O

C=0

1.6.1 Structure, Spectroscopy and Physical Properties

The unique properties of ketenes are derived from their cumulene structure, with
the highest occupied molecular orbital (HOMO) perpendicular to the ketene plane
and the lowest unoccupied molecular orbital (LUMO) in the ketene plane
(Fig. 1.17) [129].

A substantial negative charge on oxygen and C, can be seen, while there is a
positive charge on C; in the ketene plane. Nucleophiles are therefore expected to
attack the C; position while electrophiles should approach perpendicular to the
plane at C, or at oxygen (Scheme 1.45) [130].

The simplest ketene, (CH, = C = O) first synthesised from the pyrolysis of
acetic anhydride or acetone using a hot platinum wire [131], shows a remarkable
"H chemical shift at 2.32-2.46 ppm. For an alkene-type proton this value is
unusually high and can be attributed to the high electron density at C, [132].
Similarly, '*C shifts are affected with values in the range of 178-203 ppm for C,
and 33-48 ppm for C,. Unsurprisingly, ketene IR absorption is very characteristic
and show very strong bands between 2020 and 2200 cm ™' [133].
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Fig. 1.17 Ketene orbital ", ",
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Scheme 1.45 Ketene resonance forms
1.6.2 Preparation of Ketenes

The preparation of ketenes has been widely studied [133-136] Methods include
pyrolysis of ketene dimers, Wolff rearrangements of diazo ketones, photolysis and
the release from metal carbene complexes. Only a select few examples will be
discussed here.

Carboxylic acids and their derivatives can offer simple and convenient routes to
ketene formation in both industrial [137] and laboratory [138] environments.
Reactions of carboxylic acids with strongly electron-withdrawing «-substituents
with dicyclohexyl carbodiimide (DCC) led to rapid and high yielding ketene
formation which ultimately produced esters in the presence of alcohols
(Scheme 1.46) [139].

DCC (1.1 eq)
tBuOH (1.2 eq)

(6] O
EWG\)J\OH —>MeCN EWG\)J\O)<

rt, 15 mins, 60-100%

EWG = (Et0),PO, EtCO,, NC, 4-CH,C¢H,SO,

Scheme 1.46 Ester formation from acid dehydration

The authors proposed two competing transition states for the formation of the
ketene intermediate, one through a pseudopericyclic transition state and the other
through a zwitterionic pathway. The presence of a strongly electron-withdrawing
group should stabilise the zwitterionic intermediate, favouring this pathway,
however for malonate derivatives it was proposed the pseudopericyclic interme-
diate may dominate. Despite numerous investigations the authors were unable to
distinguish between the two (Scheme 1.47).

The formation of ketenes was explicitly implicated through the mono-incor-
poration of deuterium when tBuOD was used and through the formation of an
oxazine in a [4 + 2] cycloaddition when an extra equivalent of DCC was used as a
keteneophile (Scheme 1.48).
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Scheme 1.49 Base catalysed ketene formation

The base catalysed hydrolysis of esters via an E1cB mechanism is another well
documented case involving ketene intermediates [140]. Deprotonation next to the
ester carbonyl leads to enolate 10. Extrusion of a good alkoxy or aryloxy leaving
group generates the ketene which in the presence of water leads to the carboxylic
acid (Scheme 1.49).

Evidence for this mechanism is revealed when examining the hydrolysis of aryl
ethyl malonates (11), o-nitrophenyl cyanoacetate (12) and aryl acetoacetates (13)
[141] which form carboethoxy-, cyano- and acetylketenes respectively (Fig. 1.18)
[142]. The rate of hydrolysis is enhanced when increasing the bulk on the aryl
leaving group, an opposite trend would be expected if the Boc2 mechanism of
base attack on the carbonyl was in operation. A linear correlation of logk for
hydrolysis of 13 with the pK, of the phenolate leaving group was also found.

Flash vacuum thermolysis (FVT) is a technique often used to form ketenes, a
demonstration of the extreme conditions sometimes required for their generation.
Temperatures in excess of 700 °C are not uncommon, limiting the use of this
method to mechanistic investigations into simple molecules.
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Fig. 1.18 Ketenes from ester
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1.6.3 Reactivity of Ketenes

Cycloaddition reactions have become synonymous with ketene chemistry and have
become one of the most intellectually challenging reactions in the field. After the
isolation of methylene-f-lactone (14) from ketene (Scheme 1.50) [143] and the
formation of symmetrical dimer 15 from dimethylketene (Scheme 1.51) [144], a
wide variety of cycloaddition reactions were soon discovered. These include the
formation of cyclobutanones from cyclopentadiene (Scheme 1.52) [145], forma-
tion of f-lactams from imines (Scheme 1.53) and ff-lactones from reactions with
aldehydes (Scheme 1.54) [146].

Scheme 1.50 Lactone H o)
formation via ketene >=C=O ,
dimerisation H 0
H,C 14
Scheme 1.51 Symmetrical 0
dimerisation Me
)=C=0 ——
Me
0 15
Scheme 1.52 [2 + 2] 0
Cycloaddition with Ph Ph
cyclopentadiene >=C=O + @ —
PH Ph

The unique propensity for ketenes to undergo facile [2 + 2] cycloadditions has
led to many studies and reviews on the subject [147]. Alkenes do not normally
undergo thermal [2 + 2] cycloadditions as the HOMO/LUMO combination is
antibonding at one terminus (Fig. 1.19).
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Scheme 1.54 f-Lactone formation and subsequent decarboxylation
Fig. 1.19 Disallowed alkene LUMO
thermal [2 + 2]
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antibonding "~ \  bonding

!

alkene HOMO

Fig. 1.20 Facile [2 + 2]
cycloaddition of ketenes ketene

HOMO of keteneophile
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bonding

ketenophile

The orthogonal n-bond at the central ketene carbon enables the orbitals of the
HOMO of the incoming keteneophile to bond to an extra p-orbital. This generates
4 bonding interactions and only two antibonding interactions allowing for
favourable bond formation (Fig. 1.20).

The low energy LUMO of ketenes also makes them potent electrophiles, a
feature exploited through the addition wide-range of nucleophiles. Carbon [148],
silicon [149] and amine nucleophiles [150] have all been successfully employed
and ketenes can even be reduced by hydrides [151]. Addition of oxygen nucleo-
philes is also common and the installation of an intramolecular hydroxyl group has
provided routes to a variety of lactones (Scheme 1.55) [152].

Pommelet and co-workers also employed an intramolecular hydroxyl trap in the
synthesis of macrocycles [153]. This work demonstrates some of the forcing
conditions required in the generation of ketenes (in this case through the extrusion
of CO, and acetone) (Scheme 1.56).
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Scheme 1.55 Intramolecular lactonisation of a ketene
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Scheme 1.56 Macrocyclisation through the generation of a ketene
1.7 Project Aims

This thesis and the projects described herein aimed to address several fundamental
challenges facing synthetic chemists.

The development of a mild C-H activation/ortho-functionalisation process
would provide a useful alternative to the sometimes harsh (pH, time, temperatures)
protocols that can impede implementation on an industrial scale. Building upon the
previous use of the urea functionality as a directing group would also complement
the plethora of options currently available.

Methods to remove the urea moiety are limited. This robust functional group is
generally inert to all but the extremes of hydrolysis and a few enzymatic or metal
catalysed processes. The development of a mild, expedient and neutral removal
procedure would allow chemists to utilise this group in a greater range of
scenarios.

Nature’s ability to manipulate amides under neutral, physiological conditions
has challenged both chemists and biologists for decades. The implication of
twisted amides has previously only been examined in conformationally locked
lactams where the nitrogen is located at a bridgehead forcing the N-lone pair out of
plane. The study of acyclic, linear amides that undergo facile hydrolysis under
neutral conditions may be more suitable to biological systems and would con-
tribute to the ongoing debate regarding peptide lysase.
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Chapter 2
Pd(II) Catalysed Aminocarbonylation
of Alkenes

2.1 Background

Following on from the work of Bar on the diamination of conjugated dienes [18], a
study of the diamination of simple alkenes revealed modest yields of enamide 16
(Scheme 2.1).

Pd(MeCN),Cl, (10 mol%)

0
0 BQ (1eq) JL
AR EtHN  NEt
EHN" CNHEt | PhT
DME _
60 °C, 5 hrs, 40% 16

Ph

Scheme 2.1 Palladium (II) catalysed diamination of styrene

It was thought possible to affect a novel heterocycle synthesis of pyrimidiones
through a similar process in the presence of carbon monoxide. The interception of
palladate 17 via the terminal urea nitrogen would lead to cyclisation (Scheme 2.2).
If successful, such a sequence could have wide synthetic applications and potential
for functionality via different alkenes and ureas.

L L
o

L

¥ Ly R

I CO,DME | gc-Pd PdgN\fo o NYO

NHR * P ™ 0 0 N INR + PdO)
Pd(11), [O] Ph N—/< ‘R Ph

/

R NHR Ph 17

RHN

Scheme 2.2 Palladium (II) catalysed, three component pyrimidione formation

When performing this reaction in alcoholic solvents it may also be possible to
synthesise ff-amino acid derivatives (Scheme 2.3).
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DOI: 10.1007/978-3-642-32051-4_2, © Springer-Verlag Berlin Heidelberg 2013



38 2 Pd(I) Catalysed Aminocarbonylation of Alkenes

L L
o \ .

L
L7 O _OR'
RHN__O
1 CO,ROH | oc-Pd R IR
e o] o) N__O + Pd0)
RHN” ONHR + P /\ \
PA(I), [O] L 4 £>—/N‘R = b
- NHR

R NHR

Scheme 2.3 Carbonylation—f-amino acid synthesis
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Scheme 2.4 Pd(II) catalysed intramolecular aminocarbonylation of exo-ureas
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In 1988 Tamaru et al. published an intramolecular cyclisation utilising mild
conditions of 1 atm CO pressure and CuCl, as the re-oxidant (Scheme 2.4) [1].
Furthermore in 1997 this work was expanded by the same group to include car-
bamates (Scheme 2.5) [2].

As of yet there is no general method for the intermolecular version of this
reaction.

2.2 Results and Discussion
2.2.1 Attempted B-Amino Acid Synthesis

Initial reactions between 1,3-diethyl urea and styrene in methanol failed to yield
any traces of product. CuCl, was employed as the re-oxidant and the optimal
conditions of Tamaru [1] were followed, introducing an atmosphere of CO via a
balloon (Scheme 2.6).

Tamaru reported large solvent effects between protic and non-protic media.
CH,Cl, and THF were slow and less efficient but a mixture of acetic acid and
sodium acetate (3 eq) improved yields (up to 95 % from 79 % in methanol) and
reduced the reaction times dramatically (from 3 days to <1 day). It was hoped a
similar effect could be observed in the pursuit of f-amino acids. Increased sol-
vation of the chloride ion from PdCl, through hydrogen bonding could expose the
Pd(II) centre leading to better coordination to the alkene. Protonation of the urea
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PdCl, (10 mol%)

j)]\ CuCl, (3 eq) EtHN NEt
EHN" NHEt + & Ph — X —* CO,Me
CO (1 atm)
MeOH Ph
1t, 24 hrs

Scheme 2.6 Initial reaction screening

nitrogen should also lead to a weaker complexation to the palladium centre which
has been known to shut down catalytic reactivity [3].

Unfortunately a comprehensive solvent screen (with or without the use of
sodium acetate as an additive) did not furnish the expected product. Trace amounts
of a Wacker oxidation product was observed by "H NMR but in an insignificant
yield (approximately 3 %).

AA change in approach to conditions more familiar within the Booker-Milburn
group was next adopted. The combination of Pd(MeCN),Cl, with BQ as an oxi-
dant has been successfully employed by Bar [4], and Elliott [5] in similar but non-
carbonylative systems (Scheme 2.7).

L i Ry P hydride elmination
> - t
Pd----; ! B ﬁ ydride elmination \”\
NR
‘\~:NHR2 2 NR,

key palladated

intermediate

Scheme 2.7 Pd(II) mediated enamide formation

The palladated intermediate prior to ff-hydride elimination is the key species
which must undergo carbonylative insertion in order to form f-amino acids. With
the knowledge that this intermediate forms under Pd(MeCN),Cl,/BQ conditions,
various attempts to intercept the f-hydride elimination pathway with CO were
undertaken (Scheme 2.8).

With styrene as the alkene coupling partner, numerous experiments varying
temperature, concentration, stoichiometries and solvents were trialled but to no
avail.

Bar reported a 45 % yield of enamide formation between the reaction of styrene
and 1,3-diethylurea in the absence of CO [1]. [9], However in the author’s hands, a
maximum of 30 % was obtained. Despite this discrepancy, it is obvious that the
intermediate described in Scheme 2.7 is not formed efficiently and the reaction is
therefore impeded before the CO is even involved. It was therefore decided to
investigate alternative alkenes. Elliott and Wrigglesworth have demonstrated a
range of acrylate derivatives undergoing 2,2 di-functionalisation via an aza-
Wacker reaction [5], using N-tosylethanolamine derivatives as the nucleophile.
During this study, urea nucleophiles were demonstrated to form enamides under
facile conditions in excellent yields (Scheme 2.9).
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Scheme 2.8 Pd(MeCN),Cl,/BQ aminocarbonylation conditions
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Scheme 2.9 Facile enamide formation with nbutyl acrylate
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Scheme 2.10 Pathway for the formation of pyrimidiones

Once again, this reaction proceeds via the key palladated intermediate prior to
p-hydride elimination (Scheme 2.7). With the knowledge that this intermediate is
formed efficiently, the reaction was repeated under an atmosphere of carbon
monoxide. Only enamide was formed however, with CO seemingly having no
effect (either detrimental or beneficial) to the efficiency or overall yield. f-Hydride
elimination seems too facile in this particular case for the carbonylation to pro-
ceed. Alternative acrylate species were examined and discussed later (Sect. 2.2.2).

With no sign of CO incorporation in the initial screens, a simple lack of CO in
solution may have been responsible. Performing the reactions at increased pres-
sures therefore should negate this issue. Increased pressures may also aid in
overcoming f-hydride elimination by forcing the CO ligand to migrate into the
carbon-palladium bond.

Despite attempts at a variety of pressures (2, 5, 20 and 50 bar) and under
different temperatures (rt, 50 °C and 70 °C) no products were detected with
inactive palladium black appearing to form quickly.

With little evidence of f-amino acid formation, it was hoped intramolecular
attack from the second urea nitrogen on the desired acyl palladate would be more
efficient. Pyrimidione formation was therefore investigated (Scheme 2.10).
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2.2.2 Pyrimidione Formation

Initial screens were carried out using styrene and 1,3-diethylurea using the con-
ditions described above. Both PdCl,/CuCl, and Pd(MeCN),Cl,/BQ systems were
examined in the absence of methanol to effect the ring closure. A comprehensive
solvent screen was also undertaken looking at a range of different properties. In
particular, increased solubility of CO has been shown with fluorinated solvents [6]
and within this series there is evidence trifluoroethanol [7] (TFE) can enhance the
reactivity of many transition metal-based catalysis reactions. Due to these prop-
erties, dry and degassed TFE was used in the attempted cyclisation, once again this
was to no avail. Alternative Pd(II) salts also proved ineffective as was a switch to
1,3-diethylurea.

All the main constituents are present for the much studied and industrially
important copolymerisation of styrene (Scheme 2.11) [8]. Despite the apparent
lack of polymer formation, the reaction was performed without the urea to ensure
this was not a detrimental pathway.

Scheme 2.11 CO/vinyl
polyketone synthesis Pd(II)
Ph/\ +cOo——>
(0]

Only starting materials were isolated with an intact mass balance, so this
potentially harmful pathway can be eliminated.

The fundamental problem of achieving carbonylative insertion still seemed to
be impeding synthetic progress. Whether this was from lack of CO in solution or
rapid f-hydride elimination was still unclear at this stage.

In efforts to resolve this situation, a reaction screen was performed under 20 bar of
CO pressures. As mentioned previously, carbonylation occurs during a ligand
migration process promoted by external ligands filling the vacant site left on the
metal. With the added pressure there would be no uncertainty as to the CO being in
solution and the insertion process itself would be given the best possible chance. If
enamide 16 was still produced, the f-hydride elimination pathway would seem too
efficient for the designed reaction to proceed. Precedent for this reaction with 20 bar
of CO pressures came from the work by Alper [9], in which an in situ urea is
produced from an o-iodoaniline and an isocyanate. Oxidative addition into the iodide
bond followed by cyclocarbonylation completes the sequence (Scheme 2.12).

Operating under 20 bar of CO it was pleasing to observe (under standard
conditions as described by Bar [18],) enamide formation no longer occurring and
the desired pyrimidione was formed (Scheme 2.13).

Following on from this positive result it seemed the previous reactions at 1 atm
suffered from a lack of CO in solution or decarbonylation rather than rapid f-
hydride elimination. A further change in technique was adopted to determine
whether the reaction could be facilitated at lower pressures. After charging the
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Scheme 2.12 Palladium catalysed cyclocarbonylation of o-iodoanilines with heterocumulenes
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Scheme 2.13 Successful pyrimidione formation

reaction with CO, the Schlenk tube was sealed but this time with the balloon (via a
needle) inside the vessel, left fully open. It was hoped that this would provide
enough positive pressure to enable the reaction to occur. Again the result was an
encouraging one and with DME as the solvent, a 7 % yield of 18 was obtained.

Having facilitated the reaction under milder conditions (using a balloon rather
than 20 bar pressure) due to the technical advantages, experimental ease and wider
possible applications, all subsequent attempts to increase the yield were performed
using this method.

Reports by Stahl [47], have shown in similar Pd(IT) catalysed systems, a first
order dependence on the concentration of the alkene. Due to this, several exper-
iments were carried out in order to ascertain if the yield could be improved. 0.6 M
concentrations of styrene have been used up until this point; this was increased to
1.6 M and 3.3 M but with little effect.

A screen of catalysts was also performed in the hope that a change of electron
density on the metal centre would increase the efficiency of the reaction. However
Pd(MeCN),Br,, Pd(MeCN),I,, Pd(OAc), and Pd(TFA), were all ineffective.

During the process of charging the reaction mixture by bubbling CO into the
solution, a purple precipitate was observed. Isolation and characterisation of this
solid proved difficult, however it can speculated to be a palladium complex,
perhaps [PA(CO)3H12C1~ (19). This species is reportedly extremely unstable unless
at low temperatures [11] matching the observation that the purple solid re-dis-
solved after gentle warming or continuous stirring. With rapid ligand exchange
between the associate C1™ counter ions it is easy to see how this process can occur
(Scheme 2.14).

With the reaction appearing to be stoichiometric in palladium, investigations
into the alkene source were undertaken. As mentioned in Sect. 2.2.2, styrene may
not be the ideal reagent due to the modest reactivity shown in the formation of
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Scheme 2.14 Formation of a pre-catalyst?
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Scheme 2.15 Enamide formation under a CO atmosphere
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Scheme 2.16 Unsuccessful acrylate substrates

enamides via an aza-Wacker type reaction (Scheme 2.7). nButyl acrylate was
investigated in an effort to observe catalytic activity. Initial experiments with
I atm of CO exclusively produced the enamide in an excellent yield
(Scheme 2.15).

Surprised by the efficiency and rate of f-hydride elimination, the reaction was
repeated at increased pressures of CO to try and overcome this. Disappointingly,
enamide formation was still the predominant pathway up to pressures of 50 bar.
Increased reaction temperatures and times, with or without the combination of
pressure also failed to impede f-hydride elimination.

A switch to substituted acrylate species may retard enamide formation,
changing conformations of intermediates and allowing time for carbonylative
insertion. Of course substitution at the beta position would remove the hydrogens
for the elimination step to occur. Combinations of acrylate derivatives were
therefore screened (Scheme 2.16).

All substrates failed to yield either pyrimidione or even enamide under the
conditions described. Removal of carbon monoxide from the system also produced
the same result indicating change in substrate is responsible for the shutdown in
reactivity. This is perhaps unsurprising as a lack of tolerance to substitution is a
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well known limitation of many Pd(II) catalysed functionalisation of activated
alkenes [1, 12]. Not only does the stability of an alkene-palladium complex
decrease as alkene substitution increases but the approach of a nucleophile to the
sterically crowded electrophilic centre can also be inhibited. Once again, increased
temperatures and pressures of CO did not yield the title pyrimidione.

With extensive investigations proving unsuccessful, a change in direction

towards the ortho-carbonylation of aryl ureas was initiated.
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Chapter 3
Carbonylation of Aryl Ureas

3.1 Background

In 2008 Booker-Milburn and Lloyd-Jones reported an intermolecular Pd(II)-cat-
alysed 1,2-carboamination of dienes (Scheme 3.1) [1].

Pd(OAc), (10 mol%)
BQ (1 eq)
TsOH (0.5 eq)

CO,Et
NH *+ ZC0,E N
THF =0

Me,N" ~0 50°C, 4 hrs, 90% Me,N

Scheme 3.1 Intermolecular Pd(II)-catalysed 1,2-carboamidation of dienes

During this study Pd(OTs),(MeCN), was found to be an efficient pre-catalyst. It
could be used directly in the reaction with no appreciable decrease in yield. The
reaction proceeded via an interrupted Heck-type process that evolves from a urea
directed ortho C—H insertion by Pd(II). Carbopalladation followed by attack of the
resultant palladate by the free urea nitrogen furnishes the indoline (Scheme 3.2).

an S J o
©\ Pdog Ao,k C l[d am
N ///\ 3 NH T N

N

/& NMe )% o
H 2

Me,N () Me,N (e} Pd(0) Me,N

Scheme 3.2 Suggested mechanism for indoline formation

It was proposed alternate functionality could be inserted into this activated
ortho position via the intermediacy of the Ar-Pd bond (Scheme 3.3).

Insertion of CO could allow easy access into a variety of anthranilate deriva-
tives. Mono-substitution at the alkyl urea nitrogen would hopefully allow cycli-
sation in situ to form quinazolinones (Scheme 3.4).

M. Hutchby, Novel Synthetic Chemistry of Ureas and Amides, Springer Theses, 45
DOI: 10.1007/978-3-642-32051-4_3, © Springer-Verlag Berlin Heidelberg 2013
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Scheme 3.4 Carbonylative insertion followed by intramolecular cyclisation
3.2 Results and Discussion
3.2.1 Stoichiometric Reactions

An initial reaction between 1-ethyl-3-phenylurea and 1 equivalent of Pd(OTs),
(MeCN), under 1 atm of CO in THF yielded a new species by tlc. The reaction
immediately precipitated palladium black and was assumed to be complete. The
product was expected to be quinazolinone 22 (Scheme 3.5).

O Et
o NHEt Pd o) N o)
Pd substitution Cdrbonyldtlon ‘\_
JJ\ NH NHEt NH
N~ "NHEt =
H
21 H O 22

Scheme 3.5 Attempted quinazolinone synthesis

While mass spectrometry gave the correct mass for 22, "H NMR did not match
the literature values. After some investigation, cyclic imidate 23 was found to be
the product formed (Scheme 3.6).

. \ o P }/NHE[ YNHEt
@\ )L Pd insertion _Carbonylation
N NHEt
N NHEI

Scheme 3.6 Cyclisation through the urea oxygen to produce cyclic imidates

Performing the above reaction in methanol instead of THF gave the corre-
sponding ortho methyl ester (24) in a 60 % yield (Scheme 3.7).

MeOH
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oc, N 0
Pd, o
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H H  NHEt 24
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Scheme 3.7 Anthranilate ester formation



3.2 Results and Discussion 47

3.2.2 Catalytic Reactions: Ortho-Esterification

Despite the lack of quinazolinone formation, an optimisation study was undertaken
to render the ortho esterification reaction catalytic.

Starting with 10 mol % of Pd(OTs),(MeCN), in neat methanol, 1 equivalent of
benzoquinone (as a reoxidant) was added to 1 equivalent of 1,1-dimethyl-3-phe-
nylurea. The reaction was heated to 50 °C and put under an atmosphere of CO.
The reaction was followed via tlc and upon consumption of BQ (2 h) the reaction
was stopped. A 30 % yield of the anthranilate ester was obtained from this initial
experiment. Showing promise, the following areas were investigated:

Water. Houlden has shown that trace amounts of water had a detrimental effect
on the palladium tosylate pre-catalyst [1]. Following similar precautions (pre-
drying the reaction mixture with Ac,O/molecular sieves), yields remained unaf-
fected. Bailey has shown that water is a good ligand for Pd(OTs),(MeCN),, [2] but
CO should be a better ligand, perhaps preventing the water from ligating and
causing catalyst poisoning.

Temperature. During stoichiometric studies (Sect. 3.2.1) the product was
observed instantly and at room temperature. It was therefore pleasing to see the
catalytic system succeed at these ambient conditions with little detriment to yield.

Ligands. Re-generation of the catalyst was initially problematic with only two
or three turnovers per reaction. It was found that added tosylate ligands were
required to keep the catalyst active and this was achieved with the addition of 0.5
equivalents of p-toluenesulfonic acid.

Re-oxidant. Complete consumption of BQ was observed after 2-3 h but yields
remained between 40-50 %. An unidentified resinous material contaminated all
reactions and this was proposed to be a polymeric by-product. Pd(I[)/CO has been
used in the manufacture of polymers from diols [3] and this unknown impurity
could be a polycarbonate oligomer, formed from hydroquinone repeating units and
methanol termini (Scheme 3.8).

Mass spectrometry proved inconclusive while NMR experiments suggested a
symmetrical molecule with a ratio of 4 aromatic protons to 3 alkyl protons. If
palladium turnovers were expended in the formation of this by-product, more BQ
could allow for an increased yield. Using 3 equivalents gave an improved 61 % of
the target ester while five equivalents of BQ gave a yield of 81 %.

Solvent. Whilst five equivalents of BQ gave a good yield, this amount is syn-
thetically undesirable. It was hoped reducing the concentration of methanol would
lower the rate of by-product formation. Dilution with a co-solvent was found to
improve yields and allowed for the reduction in levels of BQ (2 eq). Various ratios
were trialled, with 1:1 methanol:co-solvent proving optimum. A wide range of
solvents were tolerated, including THF, Et,O, NMP, DMF, 1,4-Dioxane, EtOAc
and Toluene. No reaction was observed with DMSO, most likely due to its
coordinating ability. THF was selected for its availability and cost.
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Pressure. After optimising the reaction for 1 atmosphere of CO, different
pressures were investigated. Both 3 bar and five bar of CO pressure gained little in
yield. 1 atm presents the fewest technical issues so was used as standard.

Catalyst loading. After careful optimisation of the above factors, 10 mol % of
Pd(OTs),(MeCN), gave a 97 % yield of the ortho-ester (starting from 1,1-dime-
thyl-3-phenyl urea). Reduction of the catalyst loading to 5 mol % was only
slightly detrimental to the yield (88 %). This was deemed an acceptably penalty
for using half of the amount of catalyst and was therefore made standard
(Scheme 3.9).

The above conditions were applied to a variety of aniline derivatives initially
with substitution around the alkyl nitrogen (Table 3.1).

It can be seen that increased steric bulk gives an improved yield when the
nitrogen is mono-substituted. This perhaps indicates a positive electron donating
effect from the additional alkyl groups that in-turn increases electron density on
the urea oxygen, allowing it to become a more efficient Lewis base for the vacant
d-orbital on the metal. Conversely, yields decrease with additional steric bulk for
the bis-substituted aryl nitrogen examples. This is perhaps simply accounting for
an increase in difficulty for the approach of the incoming metal.

Substitution around the aromatic ring is also tolerated with some notable
exceptions (Table 3.2).

Ureas substituted with strongly electron withdrawing groups are poorly toler-
ated under these conditions. para-CF3 requires heating to 50 °C to give a modest
yield of 30 % while ortho- and meta- CFj fail to react at all. para-NO, also fails to
react at 50 °C. ortho-Vinyl substitution gave a complex mixture of side products,
although this is perhaps unsurprising with the presence of Pd(II), CO and a strong
acid. para-Nitrile was also unsuccessful, maybe due to its ability to coordinate to
the metal centre (entry 14).

Interestingly naphthyl derivative (entry 15) failed to esterify, producing instead
the equivalent cyclic imidate. Reasons for this lack of reactivity with methanol
may be due to the strong aromatic stability of the imidate.
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Table 3.1 Room temperature Pd(II) catalysed methoxycarbonylation
Pd(OTs),(MeCN), (5 mol%)

BQ (2 eq) COMe
o) pTsOH (0.5 eq)
X e

N NRR' CO (1 atm)
H

MeOH/THF (1:1) 07 "NRR'

rt, 3-5 hrs
Entry Urea R R’ Product Yield (%)
1 25 Me Me 34 88
2 26 Et Et 35 76*
3 27 iPr iPr 36 55
4 28 Morpholine 37 75?
5 29 Me H 38 61
6 21 Et H 24 81
7 31 iPr H 40 90?
8 32 Bu H 41 88"
9 33 Bn H 42 85
# Reaction conducted by Houlden
Table 3.2 Functionalisation of the aromatic ring

Pd(OTs),(MeCN), (5 mol%)
- BQ (2 cq) N COMe
N @ 0 pTsOH (0.5 eq) R@
~F N)LNMe2 CO (1 atm) H
H MeOH/THF (1:1) 07 > NMe,
rt, 3-5 hrs

Entry Urea R Product Yield (%)
1 43 0-Me 58 88"
2 44 m-Me 59 84
3 45 p-Me 60 78°
4 46 0-MeO 61 15 (40)*
5 47 m-MeO 62 26 (40)*
6 48 p-MeO 63 31 (80)*°
7 49 p-CF; 64 5 (30)*
8 50 m-Br 65 70°
9 51 p-Br 66 40
10 52 o,p-Me 67 56°
11 53 p-CO,Me 68 36 (46)*
12 54 p-NO, N/A 0
13 55 p-Vinyl N/A 0
14 56 p-CN N/A 0
15 57 2-naphthyl N/A o>

# Reaction conducted at 50 °C
® Reaction conducted by Houlden
¢ Only cyclic imidate formed (Sect. 3.2.3)

Electron donating groups (i.e. methyl) returned excellent yields although the
methoxy groups benefited from gentle heating (entries 4, 5 and 6). This may
suggest the inductive effect of the electronegative oxygen playing a more
important role than a mesomeric effect from the lone pair of electrons.
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It was pleasing to see both bromo functionalised ureas giving moderate to good
yields (entries 8 and 9). This allows for further functionalisation with classic Pd(0)
chemistry.

The powerful directing effect of ureas with this pre-catalyst was further high-
lighted by the poor yield when examining the reaction with acetanilide
(Scheme 3.10).

Scheme 3.10 Failed Pd(OTs),(MeCN) , (5 mol%)
reaction of acetanilide BQ (2eq) COMe
O pTsOH (0.5 eq)
Nk NH
CO (1 atm)
H
MeOH/THF (1:1) o%\
1t, 18 hrs, 5%

Methyl phenylcarbamate also failed to react as did substitution on the aryl urea
nitrogen (also reported by de Vries) [4] (Scheme 3.11).

Scheme 3.11 Failed Pd(OTs)»(MeCN) , (5 mol%)

CO,Me
: : BQ(2eq) X 2
reaction of tetra-substituted A~ STSOH (0.5 eq) R@[
ureas R I L 3¢ SN
N7 “NMe, €O (1 atm)
© | MeOH/THF (1:1) 07 NMe,

rt, 18 hrs

Yamasaki et. al. recently reported the conformational switching of phenyl
acetamides [5]. The preferred cis-conformation of N-methylated phenyl aceta-
mides, twists the directing carbonyl group away from the phenyl ring. If the same
model applies to the analogous aryl ureas, this cis-conformation formed upon
N-methylation does not allow the carbonyl oxygen to ‘trap’ the palladium (II)
species in the ortho position (Scheme 3.12).

Scheme 3.12 cis- cis
Conformational preference of o) / /
N-methylated anilides o @ N-Methylation >\"N

>7 N\H - @

To probe this effect, indole was derivatised with dimethylcarbamoyl chloride
and subjected to the carbonylation conditions. With the carbonyl group held in
position, unable to twist away from the C—H bond, a positive result would support
conformational reasoning. Disappointingly the substrate did not furnish the desired
ester, suggesting a more subtle effect (Scheme 3.13).

Scheme 3.13 Failed indole Pd(OTs) ,(MeCN); (5 mol%)
N\ BQ (2eq)
substrate @ PTSOH (0.5 eq) AN
N A V4
>§O CO (1 atm) N L
Me,N MeOH/THF (1:1) MO N ©

rt, 18 hrs
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Alternatively, substitution of the aryl nitrogen may disrupt the conformation of
the urea, reducing the overlap between the nitrogen lone pair of electrons and the
n-orbital of the carbonyl. This may have important implications, limiting the ability
of the oxygen to coordinate with the metal. As this nitrogen also overlaps with the
n-system of the phenyl ring, the whole conjugated system may be interrupted.

3.2.3 Cyclic Imidate Formation

Having developed a useful synthesis for the formation of anthranilate ester
derivatives, attention now was focused on rendering cyclic imidate formation
catalytic (Scheme 3.6).

Fortunately, optimal conditions did not vary greatly from those already
developed. CH,Cl, was found to be the most favourable solvent and the amount of
required tosylate ligand increased to 1 equivalent (Scheme 3.14).

The cyclic imidates seemed sensitive to the reaction conditions as prolonged

Scheme 3.14 Optimised Pd(OTs),(MeCN), (5 mol%) o
conditions for cyclic imidate o E%g;‘(ll) w
formation o 0
N NRR' o (1 am) N/)\ NRR
CH,Cl,
1t, 3-5 hrs

reaction times resulted in a reduction in yield. Isolation of the title products
initially proved difficult with purification via column chromatography unsuc-
cessful. Washing the reaction mixture with 1 M NaOH (aq) was found to be
essential to release the protonated product at the end of the reaction. Table 3.3
details the successful substrates obtained from this study:

Table 3.3 Room temperature palladium (II) catalysed cyclic imidate formation
Pd(OTs),(MeCN), (5 mol%)

BQ (2 eq)
O L ™01y
g NRR" o (1 atm) N/)\ NRR'

DCM
rt, 3-5 hrs

Entry Urea R R’ Product Yield (%)
1 25 Me Me 70 67%

2 26 Et Et 71 50

3 27 iPr iPr 72 40°

4 28 Morpholine 73 49*

5 29 Me H 74 34

6 21 Et H 23 40

7 31 iPr H 75 66"

8 32 tBu H 76 85

# Reaction conducted by Houlden
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As discussed in Table 3.2, Entry 15, the naphthyl derivative failed to esterify,
leading only to the cyclic imidate in a 54 % yield. This tri-cyclic system may have
enhanced aromatic stability proving resistant to subsequent alcoholysis (Scheme 3.15).

Pd(OTSs) A(MeCN) , (5 mol%) o
BQ(2eq)
2, Py T
g NMe; - o (1 atm) N/)\NMCZ
CH,Cl
57 rl, 4 hrs, 54% 7

Scheme 3.15 Cyclic imidate formation from naphthyl derived urea 57
3.2.4 Mechanism of Action

When performing the reaction in methanol (Scheme 3.9), the transient formation
of cyclic imidates was occasionally observed by tlc. This led to the question of
whether ester formation proceeds via direct solvolysis of an acyl palladate
(Scheme 3.16) or by a postcatalytic methanolysis of the imidate (Scheme 3.17).

Scheme 3.16 Solvolysis of

an acyl palladate

Scheme 3.17 Postcatalytic
methanolysis of a cyclic
imidate

O

CrE o
NH - NH
A

0~ "NRR' 0~ NRR'
o ‘/R.C.)H @icoz}z
o T NH
~
N~ "NRR 07 "NRR'

A control experiment (Scheme 3.18) showed how labile cyclic imidates are to
methanolysis under the carbonylation conditions. It is therefore suggested the
reactions proceeds by a C—H insertion, carbonylation, cyclisation, and solvolytic

ring-opening sequence.

Scheme 3.18 Ring opening
of a cyclic imidate by
methanol

Pd(OTs),(MeCN), (5 mol%) o)
0 BQ (2 eq)
©\)Lo pTsOH (1 eq) OMe
P NH
CO (1 atm)
N° NMe, MeOH/THF (1:1) %

1t, 4 hrs, 95% o NMe,
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3.2.5 Alternative Conditions

Through the process of optimisation, various catalysts were explored. PdCl, was
also found to be a successful catalyst, facilitating palladium insertion into the
ortho-C-H bond, directed by the urea moiety. Initially this was stoichiometric in
terms of palladium and efforts were directed to make this reaction catalytic.
After following similar optimisation efforts as before, an alternate synthesis for
the formation of the anthranilate ester derivatives was developed (Scheme 3.19).

Scheme 3.19 Alternate ester PdCl, (10 mol%) CO,Me
synthesis utilising PdCl, @\ 0 BQ (3 eq)
M - NH
N NRR' ¢ (1 am)
MeOH/THF (1:1) 0”7 "NRR'
60 °C, 4-6 hrs 5 examples - 50-80%

The powerful nature of the Pd(OTs),(MeCN), pre-catalyst is highlighted when
comparing the two systems. The reaction utilising PdCl, does not proceed at room
temperature and requires an additional equivalent of benzoquinone. Further to that,
twice as much palladium is required and the yields are significantly lower
(Table 3.4).

Table 3.4 PdCl, vs. Pd(OTs),(MeCN), in the formation of anthranilate esters

PdX, CO,Me
O A
N NH

NRR'
H CO (1 atm) .

MeOH/THF (1:1) 07 NRR

temperature, 4-6 hrs
Entry Urea R R’ Product PdCl, (%)* Pd(OTs),(MeCN), (%)°
1 25 Me Me 34 60 88
2 29 Me H 38 50 61
3 21 Et H 24 69 81
4 31 iPr H 40 60 90
5 32 tBu H 41 80 88

4 PdCl, (10 mol %), BQ (3 eq), 60 °C; ® Pd(OTs),(MeCN), (5 mol %), BQ (2 eq), TsOH
(0.5 eq), rt

Houlden and Bailey demonstrated the ability to form palladium tosylate in situ
from Pd(OAc), and p-TsOH.83 This system was trialled, replacing Pd(OTs),(-
MeCN), with Pd(OAc),, while keeping all other aspects the same. The results
showed promise, however yields were generally lower compared to using the pre-
made tosylate catalyst (Scheme 3.20).

Scheme 3.20 In-situ Pd(OAc), (5 mol%)
; ; BQ (2 eq)
formation of palladium (II) o TsOH (1 eq) CO,Me
tosylate ©\ iy - - R=Me 78%
N~ NR, CO (I atm) NH =Bt 53%
H MeOH/THF (1:1) )\

1, 4 hrs 0~ 'NR,
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3.2.6 Quinazolinone Formation

The synthetic utility of the urea anthranilates was further demonstrated by their
cyclisation to form quinazolinones, a key pharmacophore in numerous drug
compounds [6].

A short screen was first undertaken in order to determine the most appropriate
base to ring cyclise, with both K,CO3; and NaOrBu proving successful. The
addition of K,CO; to a sample of pure anthranilate ester (mono-substituted on the
alkyl nitrogen), followed by heating (60 °C) furnished the cyclised product in good
yields (Scheme 3.21).

Schgmg 3.21 Base induced CO,Me R=Me 87% (78)
cyclisation 2cow =Bt 75% (22
/& =iPr 70% (79)

NH =
)\ 60"C

=Bu 75% (80)
NHR =Bn 92% (81)

(6]

Further development led to in situ addition of base, allowing quinazolinone

formation in one-pot from the starting aryl urea (Scheme 3.22). After the full

consumption of BQ is observed by tlc in the initial carbonylation reaction, 1.5 eq

of K,COj; is added, the reaction re-sealed and heated to 60 °C. Not all substrates
were successful via this in situ method.

Pd(OTs),(MeCN), (5 mol%)

BQ (2 cq) CO,Me
o pTsOH (1 eq) KGCOg (1.5 eq)
B v r—— NH A
N7 "NHR CO (I atm) PN eo°c

H MeOH/THF (1:) 07 “NHR
tt, 3-5 hrs R=Me 57% (78)
=Et 70% (22)
=Bn 80% (81)

Scheme 3.22 One-pot formation of quinazolinones
3.2.7 Urea Removal

Anthranilic acid (vitamin L) is a valuable amino acid and a precursor to trypto-
phan. It is used as an intermediate for the production of dyes and pigments. Ester
derivatives are used in the production of perfumes (imitate jasmine and orange)
and pharmaceuticals. Removal of the urea directing group, post esterification
would allow direct access into these valuable compounds.

Although ureas are often thought of as inert to hydrolysis, often requiring high
temperatures, acidic/basic [7, 8] conditions or metal catalysis [9—12] to remove/
interconvert them, previous work within the group had observed 1,1-diisopropyl-3-
phenylurea derivatives undergoing facile solvolysis in methanol under neutral
conditions [13]. It was hoped that anthranilate ester 36 would be susceptible to a
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similar process. Remarkably it was found that simply heating 36 in water gave
methyl anthranilate 82 in an 85 % yield with no ester hydrolysis (Scheme 3.23).

Scheme 3.23 Unexpected, o (\) |
selective urea hydrolysis b \N( o

2 NH,
El/ Y reflux

85%
36 82

Scheme 3.24 Anthranilic \

. . 0._0O
acid formation 0O.__OH

reflux

85%
36 83

g
NTN\( 1M NaOH NH,
0

Replacing water with 1 M NaOH (aq), hydrolysed the methyl ester as well as
the urea, giving anthranilic acid (83) in an excellent yield (Scheme 3.24) [14].
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Chapter 4
Urea Hydrolysis

4.1 Background

Following on from the remarkable hydrolysis of diisopropyl substituted aryl ureas,
a thorough investigation was undertaken to understand this reactivity.

With dimethyl and diethyl analogues failing to show any sign of hydrolysis, the
most obvious difference is the increased steric bulk afforded by the isopropyl groups.

Two reaction pathways are viable for this unprecedented hydrolysis. The first,
nucleophilic attack at the carbonyl centre results in an unstable tetrahedral intermediate
84, which subsequently breaks down expelling diisopropylamine (Scheme 4.1). This
pathway seems to contradict the observed reactivity in which an increased steric bulk is
necessary for the reaction to precede.

HZO

@ d = @ g w7

Scheme 4.1 Nucleophilic attack and subsequent breakdown of the tetrahedral intermediate

Z.'.I:

Capasso [1] and Clayden [2] both report hydrolysis of ureas to proceed through
an isocyanate intermediate. Perhaps the increased steric compression around the
carbonyl group facilitates isocyanate formation through the extrusion of the free
amine (Scheme 4.2).

H0: 7 o

e NH
N\ N :
©/ -HN'Pr, ~co,

Scheme 4.2 Isocyanate formation and subsequent decarboxylation

M. Hutchby, Novel Synthetic Chemistry of Ureas and Amides, Springer Theses, 57
DOI: 10.1007/978-3-642-32051-4_4, © Springer-Verlag Berlin Heidelberg 2013
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4.2 Results and Discussion
4.2.1 Mechanism

In order to ascertain which of these two models most accurately describes this
unusual reactivity, a series of mechanistic studies was undertaken.

4.2.1.1 Structural Features
Initially, substrate control was investigated, determining the essential components
required for a successful transformation. This was done by studying alcoholysis by

methanol (Scheme 4.3); growth of the resultant methyl carbamate could easily be
followed by "H NMR.

H MeOH H |
NS NRR Mp© HNRR'
©/ \n/ Temperature ©/ \[(])/ +
0 Time

Scheme 4.3 Carbamate formation via methanolysis of aryl ureas

Whilst dimethyl and diethyl analogues failed to react under identical condi-
tions, increasing the steric bulk to a fert-butyl-iso-propyl group (84) facilitated the
transformation rapidly and in a quantitative yield. Further to this, 84 reacted
quickly at room temperature (<1 h) to produce methyl phenyl carbamate (MPC)
(85) in a > 99 % yield (Scheme 4.4).

This extreme reactivity is also apparent when synthesising 84 from phenyl-
isocyanate and fert-butyl-iso-propylamine. Despite numerous attempts, including
slow addition, low temperatures (—78 °C) and alternate orders of addition, urea
formation was unusually complicated, forming many by-products. The compound
can be purified by column chromatography, but as previously stated, quickly
degrades in the solid state after a few days, leaving 1,3-diphenylurea (86) and a
strong amine smell. Any water present in the atmosphere can act as a nucleophile,
attacking phenylisocyanate. Decarboxylation forms aniline which subsequently
attacks another phenylisocyanate molecule (Scheme 4.5).

An alternate urea was therefore sought after that could be synthetically useful,
perhaps as a C-H directing group, but also would be susceptible to hydrolysis
under mild/neutral conditions. 1,1-diisopropyl-3-phenylurea (27) was deemed too
slow at elevated temperatures (81 % after 18 h at 70 °C) but 84 (for the above
reasons) was too reactive/unstable. A urea presenting reactivity somewhere in the
middle of these examples would provide an ideal platform to build upon.

As mono-substituted (on the alkyl urea nitrogen) examples were not susceptible
to solvolysis, it was thought essential to have bis-substitution to provide the steric
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H \\/ i (|) \~/
MeOH
N\H/N\‘/ € \n/ + HN
o) rt, 1 hr, >99% O Y

84 85

Scheme 4.4 Rapid and quantitative methanolysis at room temperature

g g c” N (8
! H,N
TN — A~V Ny
©/ 0 N -0, I
86

Scheme 4.5 Extreme reactivity of aryl urea derivative 26

u [ .
N

T o ot

Fig. 4.1 Alternative hindered ureas

compression required around the urea carbonyl. Urea 87 was chosen as a target. It
does not appear to be as sterically demanding as 84 but was hoped to be more
bulky than 27. As fert-butyl-ethylamine is not commercially available' it was
made in situ from the reductive amination of tert-butylamine and acetaldehyde
with NaCNBH; [4]. Addition of phenylisocyanate to the reaction furnished the
urea. In parallel to this synthesis, ureas 88 and 89 were also prepared (Fig. 4.1).

When subjecting the above ureas to the standard hydrolysis conditions (meth-
anol at 70 °C) it was pleasing to see all three rapidly formed MPC in a quantitative
yield. Fearing reactivity akin to 84, the reactions were repeated at room temper-
ature. Carbamate formation this time was slower, taking 18 h to go to completion.

! The free amine can be synthesised and isolated following the procedure by Schmitt [3].
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H MeOH H |
N_ _NR, N__O
oY SRSE
Temperature o
o Time
No Rxn 48 hrs No Rxn 48 hrs 81% 18 hrs >99% 1 hr >99% 1 hr
70 °C 70 °C 70 °C 50°C 20 °C
8 ) A R o T
N N
~
T T Y TR TR
(0] (¢} o (0) 0
25 26 27 87 84
A -

»
Increasing steric bulk

Scheme 4.6 Unusual reactivity trend in the methanolysis of tri-substituted ureas

Reactions performed at 50 °C were complete after 1 h. A full reactivity profile
around the non-aryl nitrogen is shown in Scheme 4.6.

The increasing steric bulk from dimethyl < diethyl < diisopropyl < fert-butyl-
iso-propyl under nucleophilic conditions should lead to a decrease in activity.
Increasing steric crowding around the carbonyl centre should reduce the ability of
the nucleophile to reach the site of attack. Rate of decomposition of the aryl urea to
phenylisocyanate however, may be increased by increasing steric bulk. The
leaving group ability of the amine is enhanced by the steric compression afforded
by the alkyl groups. The larger the repulsions, the greater the steric compression
and the greater the rate of isocyante formation (Fig. 4.2).

Expanding substrate scope further, alternatives to the phenyl group were
investigated to determine whether this functionality is essential for reactivity.
Ureas 90 and 91 were therefore synthesised from diisopropylamine and their
respective isocyanates (commercially available).

Reacting in methanol at 70 °C, both gave encouraging results. After 72 h, the
ureas had shown similar propensity towards methanolysis (Scheme 4.7).

Encouraged by these results, efforts were made to increase the rate of reaction.
It was thought that the introduction of a bulkier alkyl group would have a similar
rate increasing effect as it did for the parent phenyl system (i.e. going from
diisopropyl to tert-butyl-iso-propyl).

Urea 94 was therefore synthesised and subjected to identical reaction conditions
(as above) and was quantitatively converted to the methyl carbamate product
within 5 min. Repeating at room temperature provided the same result after 1 h.
(Scheme 4.8). This once again shows the exceptional reactivity imparted by the
tert-butyl-iso-propyl moiety.

In order to probe the mechanistic differences between nucleophilic attack and
isocyanate formation, a range of analogues were synthesised, all without the
ability to form an isocyanate (95, 96, 97). Subjecting these derivatives to meth-
anolysis at 70 °C did indeed result in a shutdown in reactivity (Scheme 4.9). As
nucleophilic attack should not have been impeded with the change from nitrogen
to oxygen, the pathway via an isocyanate seemed more likely.
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Fig. 4.2 Steric compression

Scheme 4.7 Reactivity
away from aryl anilides

Scheme 4.8 Rapid and
quantitative conversion of a
tri-alkyl urea

Scheme 4.9 Shutdown of
reactivity by alteration of
substrate

4.2.1.2 Physical Features

o 1
e

g
ijlrluY

X=005)
X =C(96)
X =NMe (97)

S

MeOH v
Ph \/N\H/O
70°C 0
72 hrs, 86%
92
MeOH H |
>‘/N\n/0
70°C o
72 hrs, 83%
93
MeOH )
rt, <1 hr,>99% >( \[(])/
93
MeOH |
v X__0O
70 °C, 72 hrs ©/ \([)]/

An examination of the physical properties was undertaken to identify any unusual
characteristics which could explain this remarkable reactivity.

The IR carbonyl stretch may be significantly different between those ureas
exhibiting mild solvolysis against those which do not. More double bond character
(i.e. a higher wavenumber) may be expected for those that are reactive. The ease at
which the C-N bond is broken may suggest a poor overlap of the nitrogen lone
pair, possibly from a twisting effect due to the increase in steric bulk around the
nitrogen. The carbonyl group for 1,1-dimethyl-3-phenylurea is observed at
1641 cm™' whereas the stretch for 1,1-diisopropyl-3-phenylurea is at 1635 cm™".
This stretch is well within the expected urea carbonyl region and is not signifi-
cantly different from those that are inert to mild solvolysis.
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An increase in reactivity may also relate to an increase in C-N bond length.
Examination of the crystal structures shows an insignificant difference between
dimethyl and diisopropyl urea derivatives (see Appendix) [5].

The >C NMR shift for the carbonyl groups of the 25 versus 84 was also
examined. A downfield shift would indicate more of a positive charge on carbon
and therefore more susceptibility to nucleophilic attack. Once again, there was no
significant difference between the two (25 = 155.8, 84 = 154.5).

4.2.1.3 Mechanistic Features

Phenylisocyanate is used to make the aryl ureas shown and its reaction with the
appropriate amine is rapid at room temperature. It seemed therefore improbable to
detect isocyanate formation via NMR studies during the reaction. This was found
to be true with various high temperature (70 °C) NMR experiments yielding no
further information.

It seemed probable that any forward competition reactions would be ineffective
due to the rapid and strong dynamic equilibrium (Scheme 4.10). If the phenyl alkyl
urea is in a rapid equilibrium with phenylisocyanate (and the amine), introduction
of a more reactive phenylisocyanate derivative should compete for the amine and a
mixture of ureas will be seen (Scheme 4.11).

Scheme 4.10 Equilibrium H NCO

between phenylisocyanate/ N__NRR'" — ©/ + HNRR'
diisopropylamine and phenyl ©/ \n/ 9

diisopropyl urea o

An NMR sample containing a solution of 87 (1 eq) and para-bromo phenyl-
isocyanate (1 eq) in [Dg]-toluene at 35 °C provided the key evidence for isocya-
nate formation. After 0.5 h, two sets of rbutyl peaks were observed in the '"H NMR
spectrum. The new set was matched to 3-(4-bromophenyl)-1-(tert-butyl)-1-eth-
ylurea (98) (which was independently synthesised from para-bromo phenyliso-
cyanate and fert-butyl-ethylamine). The initial ratio (after 1 min) was 60:40 in
favour of the para-bromo urea derivative. This was unchanged after 24 h of
reaction time (Scheme 4.12).

The formation of two species of urea provides clear evidence of isocyanate
formation. As the parent urea is the only source of amine, there must be equi-
librium between the two isocyanates.

Another specific result supporting the intermediacy of an isocyanate came from
the reaction of 87 with a mixture of MeOH (1 M), EtOH (1 M) and nPrOH (1 M)
in toluene at 35 °C. Within experimental error, the partitioning between carbamate
products is identical to that generated by the reaction of a reference sample of
phenyl isocyanate under the same conditions (Scheme 4.13).

A control experiment confirmed there is no equilibrium under these conditions
(Scheme 4.14).
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) e /©/ J@/N\H/NRR ©/NCO
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©/ Y X X 0

87
Scheme 4.11 Competition for alkylamine from alternate phenylisocyanates
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Scheme 4.12 Crossover experiment proving the intermediacy of isocyanates

W [ McOH:EOH: nPrOH o o o MeOH : EtOH : nP1OH
N__N | )k )k )k 1 1 NCO
bl * * ’
©/ j< o PhHN™ “OMe PhHN™ “OEt PhHN™ ~O"Pr ©/
(0] PhMe 35°C 85 99 100 PhMe 35°C
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From the urea: 46% 33% 21%
From phenylisocyanate: 46.5% 31.3% 22.2%

Scheme 4.13 Alcohol partitioning suggesting isocyanate intermediacy
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Scheme 4.14 No equilibrium between carbamates

The reaction was determined to be irreversible through subjection of MPC to
the reaction conditions, and then under pseudo-first order conditions, a full kinetic
profile for 87 at various concentrations of methanol was elucidated (Scheme 4.15).

Plotting rate constants against [MeOH], including those with added amine show
a fractional dependence on [MeOH], —d[29]/df = 3.2 x 10~°[29][MeOH]**
(Fig. 4.3). This fraction of 1/3 simply reflects the tendency of methanol to form
trimers in hydrocarbon solvents such as toluene [6, 7].

The open circles show increased amounts of added tert-butyl-ethylamine and as
described above, does not suppress the rate of reaction. This suggests amine attack
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back onto phenylisocyanate is not rate limiting and it is the formation of the
isocyanate that is.

4.2.1.4 Mechanistic Interpretation

With isocyanate formation established, a more detailed interpretation of the
mechanism can be investigated.

The hydrolysis mechanism of N-aryl ureas has been the subject of a number of
detailed studies [1, 2, 8—12], with a general consensus that N-aryl isocyanates are
generated as transient intermediates through the expulsion of HNR, from a
zwitterionic species (101) (Scheme 4.16).

Scheme 4.16 Isocyanate "0 R
¥1berat10r‘1 from a zwitterionic Ar /J\+I/R AINCO
intermediate N I,\I ;

H

HNR,
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Pioneering work by O’Connor and co-workers led to the suggestion that water
mediates a proton switch to generate this zwitterionic intermediate [13-15].
By simply adapting this proposal to the system presented here, we can envisage
methanol mediating this proton switch, generating a highly strained zwitterion
and it is the relief of the steric strain that drives the isocyanate formation
(Scheme 4.17).

When examining the rate differences between the methanolysis as presented in
Scheme 4.15 and the isocyanate/amine crossover experiment, there is a clear
difference. Urea 87 takes several hours at room temperature to form MPC, whereas
the equilibrium during the isocyanate competition is established within 1 min. The
lack of an external proton switch during the amine crossover experiment also
challenges the mechanistic interpretation presented in Scheme 4.17.

i,
Ph_ J\N MeOH

Ph. /é
N NN
H )V

T

o IIIJ\D/Q -MeOH _/JO\>

2’0/ H relief of
I\I/Ie MeOH strain
-NHEt'Bu
—
o HN
N
Scheme 4.17 Methanol mediated proton switch

An explanation for these differences may lie in the ability for an intra-molecular
proton switch, generated from the interaction of urea and isocyanate (Scheme 4.18).

Ph JOL >
{&k W [

//C// o) N N
N PhoCT /@ N \’<
o
Br

Br

Scheme 4.18 Intra-molecular proton switch in the generation of alternate urea species

Combining both inter- and intra-molecular mechanisms leads to a complete
picture of this unusual reactivity (Scheme 4.19).
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Scheme 4.19 Phenyl isocyanate liberation from inter- and intra-molecular proton transfer

4.2.2 Alternative Nucleophiles

To broaden the scope of this reaction, other nucleophiles were tested. Urea 87 was
dissolved in a phenol melt (70 °C) which gratifyingly gave the desired phenolic
carbamate 102 quantitatively after 1 h (Scheme 4.20).

Scheme 4.20 Phenolic (

i H
nucleophile N. N PhOH \”/O
©/ \g/ 7< 70 °C, >99% 0

87 102

This is a complete reversal from the expected classical reactivity. The acidic
phenol (pK, ~ 10) would always be the leaving group if attacking as a nucleophile
at the carbonyl centre in a A2 mechanism (pK, aniline ~ 27, diisopropylamine
~36). However, it has been shown that ureas such as 87 are in constant equi-
librium with the isocyanate and amine (in solution). When this labile C-N bond is
replaced by a stronger C—O bond (upon formation of the carbamate) the equilib-
rium is pulled towards isocyanate formation (Scheme 4.21). This continues until
all of the urea is consumed.

To render the reaction synthetically useful, efforts were undertaken to reduce
the amount of nucleophile employed, from a large excess (solvent) to an equimolar
level. This would also allow access to a much wider range of nucleophiles.

Due to its availability, ability to reach high temperatures and precedent during
the mechanistic investigations, toluene was selected as solvent. Performing the
reaction at 70 °C, 1 equivalent of methanol was reacted with 87. MPC was formed
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Scheme 4.21 Interception of .0
the equilibrium by phenol H ( N’/C
N__N . +
26 S i
i S
87 PhOH
H
N\n/O
D!
102

in a 22 % yield after 30 min. This reaction was followed over time by 'H NMR
reaching 65 % after 8 h. Leaving the reaction for 24 h gave a final conversion of
72 % (Scheme 4.22). 2 equivalents of methanol gave a similar result whereas 5
equivalents gave a quantitative yield after only 1 h.

time = (hrs)
0.5=22%
H |
E N( MeOH (1 eq) N 0 1 =29%
e \’< — T 3 =49%
0 oo e o % Tem
B = 0
87 85 24 =72%

Scheme 4.22 Stoichiometric addition of methanol

Building on previous results, 1 equivalent of phenol was successfully utilised in
an analogous reaction (Scheme 4.23).

IP\II N( PhOH (1 eq) g O
I r—— U700
©/ 0 Toluene 0
87 70 °C,2 hrs, 75% 102

Scheme 4.23 Stoichiometric addition of phenol

Thiophenol allows access to carbamothioates (103) and the reaction proceeds
nicely with equimolar ratios (Scheme 4.24).

H
N

H ( PhSH (1

N N (Ieq) S time = (hrs)
hid \’< g 1 =50%
0 Toluene [e) 18 =62%

o
87 70 °C, time 103

Scheme 4.24 Stoichiometric addition of thiophenol
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Stoichiometric reactions with water do not produce the expected aniline, but
instead formed 1,3-diphenylurea 86 (see Scheme 4.5 for suggested mechanism).
A low concentration of urea and a large excess of water is required to ensure
aniline does not attack the phenylisocyanate generated.

Addition of a different amine would of course furnish the alternate urea species.
This was initially accomplished with the addition of 2 equivalents of terz-butyl-
amine to 87 in toluene at 70 °C (Scheme 4.25).

H ( tBuNH, (1.1 eq) H H time (hrs)
SR (Y YK i
Toluene 2=60%
© 70 °C, time N 3=64%
87 ' 32

Scheme 4.25 Transamination

The introduction of any amine group which is less sterically demanding should
produce the relevant urea. In separate experiments, diisopropylamine and dieth-
ylamine were reacted with 87 in equimolar ratios (Scheme 4.26), both providing
rapid access to the urea derivatives.

H
N N Toluene
TR Y
) )— 70 °C, 1 hr, >99% 27
87
H
Toluene
0L S we—— TNV
jr + HN 70°C, 1 hr, >78% o
A 26
0
87

Scheme 4.26 Ureas from ureas

Urea 27 has previously been shown to hydrolyse under neutral conditions and it
was pleasing to be able to synthesis MPC from 87 via 27 in a one-pot, sequential
reaction (Scheme 4.27).

( >7 Toluene MeOH (1.1 eq) H ‘

N_ _O
j< + HN Y g
70°C, 1 hr, >99% 48 hrs, 48% o)

Scheme 4.27 Decreasing steric bulk allows for multiple transformations
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The ability to convert the urea moiety into other classical protecting groups was
investigated. tert-Butyl esters (BOC), fluorenyloxycarbonyl (FMOC) and carb-
oxybenzyl (Cbz) are all common and are all removed through a variety of different
conditions (BOC = Acid, FMOC = Base, Cbz = Hydrogenation). An ability to
synthesise each of these carbamate protecting groups would be synthetically useful.

tert-Butanol would furnish the BOC protecting group but the hindered alcohol
initially proved unreactive. Stoichiometric additions failed to yield the carbamate
at 70 °C, whereas using the alcohol as solvent at the same temperature saw a slow
rate of exchange—33 % after 24 h. Increasing the temperature to 90 °C produced
the BOC aniline in a 70 % yield after 8 h (Scheme 4.28).

Scheme 4.28 The synthesis

of BOC aniline BuOH

e 8,
@ \([)r j< 90 °C, 8 hrs, 70% ©/ 1( \’<

87 104

9-Fluorenyl methanol produces FMOC-aniline in a 78 % yield after 5 h
(Scheme 4.29). It was pleasing to see this reaction proceeding with stoichiometric
amounts (2 equivalents) of the alcoholic reagent.

IEII N( O Toluene O
T L) .
0 O on 70 0C 5 hrs, 78% ©/

87

Scheme 4.29 The synthesis of FMOC aniline

To complete the range of protecting groups, benzyl alcohol was also success-
fully reacted in an equimolar ratio with 29 (Scheme 4.30). The reaction was
complete (>99 %) after 8 h.

Toluene E OV@
©/ j< ©/\ 70 °C 8 hrs, 94% \g/

Scheme 4.30 The synthesis of Cbz-protected aniline

Encouraged by the ability to employ acidic nucleophiles, carbon nucleophiles
were trialled. Unfortunately phenylmagnesium bromide resulted in a complicated
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mixture of side products while acetophenone failed to react with or without a
catalytic amount of lithium diisopropylamine. Dimethyl malonate also failed to
react with varying amount of sodium methoxide base. Attempts at chlorination
with LiCl failed, as did the attempted phenyl urea synthesis with NH4CI.

This facile and expedient solvolysis of hindered tri-substituted ureas was
published as a communication in 2009 [16].

This methodology was further expanded by Houlden in the double lithiation of
aniline derivatives, exploiting the transient nature of such labile ureas
(Scheme 4.31) [17].

1. tBuNHiPr (1.1 eq), Et,0, rt, 2 hrs
2. TMEDA (2.7 eq), nBuLi (2.5 eq),

©/NCO Et,0,0°C, 3 hrs @[EJO]\
N Nu
H

3.E* then addition of NuH

Scheme 4.31 One-pot ortho-derivatisation of isocyanates

In situ urea formation facilitated ortho—metalation upon the second equivalent
of nBuLi. A range of electrophiles could then be added to this before invoking the
proton switch mechanism via the addition of a nucleophile (e.g. ethanol).
Performing this procedure in one-pot effectively enables the functionalisation of
2-lithiophenylisocyanate, a highly improbable intermediate.
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Chapter 5
Amide Hydrolysis

5.1 Background

The solvolysis of hindered tri-substituted ureas (Sect. 4.2) was shown to proceed
thought an isocyanate intermediate, exploration of the analogous amide system led
to the intriguing possibility of a novel ketene pathway (Scheme 5.1).

Not only would this enable the development of a new class of amide protecting
group, with a mild, expedient method of removal but would lead to the exciting
opportunity to merge this methodology with classic ketene cycloaddition reactions
(Sect. 1.6).

Literature precedent suggests such a solvolysis reaction may be favourable,
particularly when examining base catalysed hydrolysis of ester enolates [1, 2]. The
reaction sees an enhancement in rate of ketene generation with increasingly bulky
leaving groups.

Ketene formation from the dehydration of carboxylic acid derivatives con-
taining electron withdrawing groups o to the carbonyl also provides encourage-
ment [3]. Substrates used in this study show facile deprotonation by a weak base
(DCC) and sufficiently stable ketenes to react further—attributes required to
generate ketenes from hindered amides (Scheme 5.2).

Developments in this field may also contribute to the ongoing debate regarding
the methods that nature can manipulate amide bonds. It has been hypothesised that
enzyme driven twisting of an amide may be partially responsible for polypeptide
lyase. [4, 5] To date all amides showing hyper-sensitivity towards hydrolysis have
been constrained in lactams (Sect. 1.5).

M. Hutchby, Novel Synthetic Chemistry of Ureas and Amides, Springer Theses, 71
DOI: 10.1007/978-3-642-32051-4_5, © Springer-Verlag Berlin Heidelberg 2013


http://dx.doi.org/10.1007/978-3-642-32051-4_4
http://dx.doi.org/10.1007/978-3-642-32051-4_4
http://dx.doi.org/10.1007/978-3-642-32051-4_1
http://dx.doi.org/10.1007/978-3-642-32051-4_1
http://dx.doi.org/10.1007/978-3-642-32051-4_1
http://dx.doi.org/10.1007/978-3-642-32051-4_1

72 5 Amide Hydrolysis

Scheme 5.1 Ketene 0
generation from an amide R'% R HNR,
N~ .0
system “ k., R 4, R'\_C”
,_\/H z
0
I
Cy
0 DCC o N
EWG —> EWG ”‘)l\ Cy T- EWG___C
OH > O N~
H
H 0
CyHN~ “NHCy

Scheme 5.2 Ketene generation from EWG containing carboxylic acid derivatives
5.2 Results and Discussion
5.2.1 Substrate Exploration

Following on from the mild solvolysis of ureas, [6] the direct amide analogue was
synthesised (107) and subjected to refluxing methanol. Disappointingly, only
starting material was recovered after extended reaction times (up to 48 h)
(Scheme 5.3).

Scheme 5.3 Unsuccessful (¢} MeOH (0}
amide methanolysis Ph J\
P N

70 °C ’
/*\ 48 hrs o
107

It seemed that the phenyl group failed to withdraw enough electron density
from the CH, in order to allow for a facile proton switch to occur. N-tert-butyl-N-
iso-propyl diphenylacetamide (109) was also synthesised but once again failed to
yield any methyl ester after 48 h in refluxing methanol. This result is perhaps more
unexpected than the previous example as diphenylketene is well known and is
particularly stable at room temperature for a prolonged period of time [7]. Inter-
estingly, during the preparation of this hindered amide from diphenylacetyl
chloride and triethylamine, a bright yellow solution was produced which was
determined to be diphenylketene (solution phase IR C = O, 2100 cm™'). Addition
of the hindered amine to this solution did not consume the ketene and only a small
amount of the amide was formed (<5 %). With additions of diisopropylamine
forming its respective amide (110) in an excellent yield, it can be assumed the
bulky diphenylketene and hindered amine are unable to approach close enough to
react (Scheme 5.4).
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Scheme 5.4 Diphenylketene formation

Scheme 5.5 Rapid N (0] MeOH N (0}
methanolysis of a hindered \\\/U\ J\ BN _
c id N (6]
yanoacetamide 70 °C
/‘\ 1 hr, >99% 12
111

This effect may also explain the lack of reactivity of 109, with methanol unable
to effect the proton switch due to the crowding and inaccessibility of the desired
proton.

Undeterred by these results, amides with even more strongly electron with-
drawing groups were targeted. N-fert-butyl-N-iso-propyl cyanoacetamide (111)
was synthesised and pleasingly produced the corresponding methyl ester in a
quantitative yield after only 1 h in refluxing methanol (Scheme 5.5).

Encouraged by this result, a detailed steric profile was evaluated for the cya-
noacetamide series (Table 5.1).

As seen with the urea study, steric hindrance around the amine leaving group
plays a key role in facilitating the methanolysis reaction. Unlike that study how-
ever, the diisopropyl moiety is insufficiently bulky to provide enough steric relief
of the strained zwitterionic intermediate to facilitate the reaction. It may also have
an efficient overlap of the N lone pair with the C = O n-system, leaving the
nitrogen with little basic character needed to participate in the proton switch
mechanism (Fig. 5.1).

Further examination of the steric influence on the reaction shows a significant
trend as the amine portion of the molecule increases in size. This correlates nicely
with the observations found in the analogous urea/isocyanate system. It was also
pleasing to be able to synthesise, albeit in a low yield, an amide with the 2,2,6,6-
tetramethylpiperidyl (TMP) motif (115). This member of the family was expected
to provide the greatest steric resistance and thereby enhancing the reactivity
beyond that of the N-tert-butyl-N-iso-propyl analogue. The resulting reaction did
indeed show remarkable propensity to form the methyl ester, requiring only 1 h at
rt to fully esterify (Table 5.1, Entry 6). 115 is a stable white solid although the
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0] 0]
MeOH
. . NG L N
able 5.1 Cyanoacetamide methanolysis study NR, T o)
1me
Temperature 112
Entry Amide Cyanoacetamide Temperature
Time
Yield
1 113 N V(J)\ J\ 70 °C
N
A\ 48 h
i <%
2 114 N 0 50 °C
X
S A~ 48 h
7 %
3 /+\ 70 °C
48 h
33 %

4 111 w0 J\ 50 °C
N
S 5h
>99 %
5 /f\ 70 °C

1h
>99 %
6 115 N 0 It
X 1h
\\)J\N
>99 %
Fig. 5.1 Efficient overlap of
the amide lone pair of //r\

electrons NC \XdN /4

|
(EtO)zPI

0 >L o 0 o0 9
\\ 77
s
NR, OMNRz Ph \)LNRZ

Fig. 5.2 Diethylphosphonate, malonate and phenylsulfonyl, derived amides

compound degrades over a period of days under atmospheric conditions (i.e. water
mediated proton switch).

Having achieved proof of concept, it was clear only a certain type of substrate,
one with a strongly electron withdrawing group at the o-position, would be sus-
ceptible to the neutral, mild and rapid methanolysis shown. Taking inspiration
from the substrates Melman et al. [8] exploited in the ketene generation from DCC
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(Sect. 1.6.2, Scheme 46), diethylphosphonate, malonate and phenylsulfonyl
derived amides were all synthesised (Fig. 5.2).

A complete profile was compiled examining the effects of steric bulk for all
substrates and will be discussed in turn.

5.2.1.1 Diethylaminophosphonates

Once again the diisopropyl-derived amide (117) was unreactive and returned
mainly starting material after 48 h. Increasing the bulk with an N-tert-butyl-N-
ethyl group saw an increase in esterification at 70 °C but poor esterification at
50 °C suggesting an activation barrier between these two temperatures (Entries 2
and 3). The TMP-derived amide (120) again allowed for a reduction in reaction
temperatures and time required (Entry 6) (Table 5.2).

Table 5.2 Diethylaminophosphonate methanolysis study

0O O O O
Il MeOH N
(EtO)ZP\/lLNR2 — (EtO)zPQJ\O/
Time
Temperature 116
Entry Amide Diethylaminophosphonate Temperature
Time
Yield
1 117 70 °C

0 0
48 h
(EtO)ZP\)j\ 3%

2 118 o 0 50 °C
(EtO)zP\)J\ A 48 h
N

11 %

3 /»\ 70 °C
48 h

86 %

4 119 50 °C

0O O
I
(EtO)zP\)J\NJ\ 9h
60 %
5 /»\ 70 °C

8h
90 %

(I? (0] It
(EtO)ZPQJ\N 1h
>99 %

6 120
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5.2.1.2 tert-Butyl Malonate Amides

Pleasingly the malonate substrates also showed the same trend as previous
examples with the diisopropyl derived substrate (122) essentially unreactive and
the TMP derivative (125) showing full conversion to the methyl ester at rt after
18 h (Table 5.3).

Table 5.3 tert-Butyl malonate amide methanolysis study

o 0 MeOH 0 0
N P SN U )

Time
Temperature 121
Entry Amide tert-Butyl malonate amide Temperature
Time
Yield
1 122 0O O 70 °C
S A
0 )N\ <1 %
2 123 0O o0 50 °C
J AL
0 N 33 %
3 )\ 70 °C
48 h
40 %
4 124 o o0 50 °C
S A
0 N >99 %
5 70 °C
9h
96 %
6 125 o O It
>Lo MN 18h
>99 %

5.2.1.3 Phenylsulfonylacetamides

During the examination of this series, the more hindered amides 129 and 130
exhibited remarkable features at odds with the reactivity observed. They were
stable, white crystalline solids that remained pure for an indefinite amount of time
(130 remained unchanged for 6 months) when stored on the bench. 130 also
exhibits almost instantaneous reaction with methanol at rt, the fastest rate observed
to date (Table 5.4, Entry 6).



5.2 Results and Discussion 77
Table 5.4 Phenylsulfonylacetamide methanolysis study
0 0
O\\s /’S/U\ MeOH
Ph” NR, o S o~
ime
Temperature 126
Entry Amide Phenylsulfonylacetamide Temperature
Time
Yield
1 127 o0 O 70 °C
YO WY
Ph” )N\ <1 %
2 128 O\\S’/O (0] ig ;C
s N
Ph N 1%
3 4\ 70 °C
48 h
52 %
4 129 00 O 50 °C
\
QSN I 5h
Ph N >99 %
5 4\ 70 °C
1h
>99 %
6 130 00 O It
N 10 min
Ph >99 %

Q0 ¢
SW)L
N
R

131

(0]
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@ W)J\O

X
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Scheme 5.6 Examination of substitution effects

Scheme 5.7 Methanolysis
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triflouropropionamide

derivative
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Scheme 5.8 Uncontrolled (0} 0
reactivity of 134 MeOH
Y F3C\)LN ——» degredation
It
48 hrs
134

Exploring the limitations of 130, a methyl group was installed in the o-position
to determine the tolerance to substitution. No methyl ester was formed at rt and
only when heating the reaction to reflux for a prolonged time was product observed
(Scheme 5.6).

The drop in reactivity is substantial, with several mechanistic implications
possible. Perhaps the electron donating methyl group does not allow for facile
deprotonation, or the methyl group may facilitate a change in conformation of the
molecule disrupting any twisting effect, necessary for the reactivity shown.

Following this successful study, alternative electron withdrawing groups were
investigated. Interestingly triflouropropionamides failed to yield any methyl ester
when the N-tert-butyl-iso-propyl (133) was employed (Scheme 5.7).

Reactivity was only observed with the TMP-derivatised triflouropropionamide
(134). Physically the compound appeared to degrade from clear oil to a brown gum
within a matter of hours at room temperature with several new species appearing
on tlc. Unfortunately reacting this substrate with methanol (at rt or refluxing) led to
a complicated mixture of products, none of which could be identified as the
expected methyl ester (Scheme 5.8). Despite the lack of control, this result is still
an encouraging one with reactivity observed in the presence of an electron with-
drawing group and only with a large degree of steric influence.

Following from this, a wider range of alternative TMP derived amides was
synthesised in order to probe the limitations of the reaction and provide insights
into the mechanism. The substrates presented in Table 5.5 failed to yield any of
the corresponding esters.

There are two possible mechanisms which may facilitate the methanolysis seen
so far. The previously discussed proton switch-ketene pathway (Scheme 5.9—I) or
a classic B,2 resulting from a twisted amide bond (Scheme 5.9—II). Both of
these mechanisms would benefit from greater steric bulk around the nitrogen and
the presence of a strongly electron withdrawing group.

Amides 135 and 136 have no protons in the a-position and were model sub-
strates to distinguish between the two available mechanisms. If a simple twist of
the amide bond allowed for facile nucleophilic attack, then methanolysis should
still occur for substrates 135 and 136. As these substrates failed to react, the B, -2
mechanism looks unlikely and the proton switch mechanism can still be invoked.
It is perhaps unsurprising that 137 failed to undergo facile methanolysis due to its
mesomeric electron donating nature and the failure of 138 and 139 was perhaps
also expected due to the observations made with double substitution of the o—
position (Scheme 5.7).
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Table 5.5 Failed TMP derived amides

RV
EWG”™ N EWG™ Y07
70 °C
48 hrs
Entry 135 136 137 138 139
“
EWG P N N N S o N S
FyC Y
F F Cl F
(0]
. EWG%NRZ MeOH ewg. 0 MeoH \jL
I) proton switch- I 7 — EWG P
ketene formation H.."'O/H -HNR, - (O]
[
Me
0 gM 0
1) lone pair twisted NR, BACZ €
) EWG
out of C=0 plane MeOL—Ij EWG\)<NR2 WR; \)ko/
Scheme 5.9 Possible mechanistic pathways
Scheme 5.10 Partial MeOH ¢}
methanolysis of TMP Ph \)L I Ph \)k _
phenylacetamide 70 °C 0
48 hrs 10%
140 108
MeOH O,N
70 0c o~
10 mins >99%
142

Scheme 5.11 Expedient and complete methanolysis of NO, phenylacetamide derivative

With the knowledge that TMP derivatisation can severely increase the rate of
methanolysis, the previously unreactive phenylacetamide series was re-examined.
After 48 h in refluxing methanol, 10 % of the target methyl ester was returned
(Scheme 5.10).

This modest increase in methanolysis product showed potential but an unsub-
stituted phenyl ring still seemed insufficiently electron deficient to enable a facile
proton switch. By placing electron withdrawing groups around the ring, it was
hoped this problem would be negated and reactivity would be increased. Pleasingly
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Table 5.6 Substituted TMP derived phenylacetamides

= | (0] MeOH = I O

‘/\ —_— ~
X Y 00 X o”
Entry Amide X Time (h) Ester Yield (%)
1 141 p-NO, 0.2 142 >99
2 143 3,5-CF; 1 157 >99
3 144 p-SO,Me 1 158 >99
4 145 p-CN 1.5 159 >99
5 146 m-NO, 2 160 >99
6 147 0-NO, 18 161 >99
7 148 p-CF3 32 162 >99
8 149 m-CF3 48 163 87
9 150 0-CF; 48 164 85
10 151 p-Br 48 165 88
11 152 m-Br 48 166 84
12 153 2-naphthyl 48 167 22
13 154 H 48 108 10
14 155 m-MeO 48 168 12
15 156 p-MeO 48 169 7

this was the case with the p-NO, substrate (141) fully converting to the methyl ester
in only 10 min in refluxing methanol and in only 1.5 h at rt (Scheme 5.11).

Buoyed by this result, a series of amides was synthesised, each based around the
TMP motif and each with an electronically derivatised phenyl ring. The results of
their methanolysis are presented in Table 5.6.

A large variety of electron withdrawing substituents were found to effect the
reaction with many showing complete esterification after only 2 h (Entries 1-5).
Ortho, meta and para substituents were all tolerated (Entries 1, 5 and 6) and both
mesomeric and inductive electron withdrawing groups facilitated the reaction
(Entries 2-3). Satisfyingly bromo derivatives 151 and 152 gave excellent yields after
prolonged reaction times allowing for further functionalisation of this useful handle.
The electron releasing p-MeO (Entry 15) gave a predictably poor yield as the oxygen
lone pair can resonate through the ring, however it was hoped that methoxy in the
meta position (which is unable to resonate this way) may actually increase reactivity
through the electronegative oxygen removing electron density through the o —
framework. This was not found to be the case however and the yield remained low.

5.2.2 Mechanistic Studies

X-Ray crystallography has played a key role in many previous twisted amide
studies. Fortunately the phenylsulfonylacetamde series were crystalline solids and
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crystal structures were obtained. As expected 127 which shows no propensity to
esterify has a perfectly planar amide bond with the lone pair of electrons on the
nitrogen able to fully overlap with the n—bond of the carbonyl bond (Fig. 5.3).
Interestingly the crystal structure of the TMP derivative 130 shows a twist of the
bond with the nitrogen slightly pyramidalised and the lone pair not only twisted out
of the plane but also pointing away from the carbonyl n-bond (Figs. 5.4 and 5.5).

Fig. 5.3 X-Ray crystal
structure of 127

Fig. 5.4 X-Ray crystal
structure of 130

130 has a twist angle of 27.4° and 127 has an insignificant, almost planar angle
of 2.1°. Whilst these values are for a solid state packing of a crystal and may not
truly represent the conformation in solution, they perhaps reveal an insight into the
low barrier of rotation and hence the facile solvolysis that can occur. Bond lengths
do not show unusual deviation from standard amide values however there is a
lengthening as steric bulk increases (127 = 1.344 A-130 = 1.366 A). This would
be expected with an increasingly poor overlap between nitrogen lone pair and the
C = O rn-bond.
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Fig. 5.6 Dichloroacetamide X-Ray crystal structures—diisopropy! (left), TMP (right)

The remaining two substrates in this sulfonamide series (128 and 129) have
increasing amounts of twisting according to the steric bulk, which in turn corre-
sponds with increasing levels of reactivity.

The unreactive, doubly substituted dichloroacetamides were also crystalline
solids and crystals structures were obtained (Fig. 5.6).

Once again, the diisopropyl derivative (170) shows almost perfect planarity in
the amide bond and the TMP derivative (138) shows a substantial twist, analogous
to the phenylsulfonylacetamide series. The disparity between a reactive substrate
and an unreactive one is therefore not just about the degree of twisting but also
other factors, electronic and conformational.

Despite the obvious and pronounced distortion of the reactive amide bonds,
examination of the structural features provided little extra information. For all the
substrates examined the IR carbonyl stretch is around 1625-1640 cmfl, values
expected for a standard amide and far removed from the ketone-like stretches
(~ 1700 cm™") observed for previous twisted amides (Sect. 1.5). '*C NMR car-
bonyl signals also reveal very amide-like values (160-170 ppm) however a trend
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Table 5.7 '>C NMR shifts
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Scheme 5.12 f-Lactam formation via a [2 + 2] cycloaddition with an imine

is observed when examining the differences within the phenyl sulfone series of
sterically derivatised amides (Table 5.7).

Moving down the table from diisopropyl to TMP, there is a small but significant
shift downfield with the carbon becoming more electron deficient. This deficiency
suggests a poorer overlap with the lone pair of electrons of the nitrogen, an effect
that supports the twisting of the bond as observed in the X-Ray structure. There is
no analogous pattern in the IR stretches.

In order to distinguish between straight nucleophilic attack of a twisted amide
and the proton switch mechanism via a ketene intermediate, various cycloaddition
reactions were attempted.

Classic keteneophiles under a variety of cycloaddition conditions were trialled
with the most stable yet reactive hindered amide 130.

p-Lactam formation with N-benzylideneaniline would be synthetically attrac-
tive, generating a new route into this important class of molecule (Scheme 5.12).

Despite numerous attempts however, the desired product was not formed with a
range of solvents and temperatures proving ineffective. If the proton switch
mechanism is indeed in operation then the ketene would need to be ‘released’
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Scheme 5.13 Unsuccessful [2 + 2] cycloadditions

through this pathway before it could undergo a cycloaddition. Unfortunately
methanol and any other neutral protic source can also act as a nucleophile and
subsequently trap the ketene generated. A large excess of keteneophile was
employed throughout and various additives such as triethylamine and catalytic
amounts of methanol (1-5 %) were employed. Again, these reactions also proved
ineffective, as did the use of various amounts of the TMP amine.

Alternative cycloaddition partners, including phenyl acetylene and butylvinyl
ether, also failed to produce the desired products under a variety of conditions as
described above. The use of furan as reaction solvent with or without catalytic
amounts of methanol also failed to yield the cycloadduct (Scheme 5.13).

With intermolecular cycloadditions proving unsuccessful, various substrates for
the intramolecular reaction were designed. Initially a pendent alkene was tethered to
the a-position in the hope of a [2 + 2] cyclisation (171). As previously observed,
substitution of this carbon results in a severe retardation of the reaction, the efficiency
is inconsequential however as any yield of a cycloadduct would provide excellent
evidence of a ketene intermediate. Unfortunately no cyclobutanone was observed,
only a small trace of the methyl ester (~3 % by 'H NMR) (Scheme 5.14).

Following this disappointing result, an alternative strategy of substituting the
amine portion of the molecule was adopted. The procedure developed by Schmitt
[9] enabled a variety of secondary amides to be synthesised, each sufficiently bulky
to undergo mild solvolysis but also with an alkene present to trap the resultant
intermediate. It was hoped that as the amine was ejected from the substrate it would
be close enough to then immediately react with the ketene (Scheme 5.15).
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Scheme 5.16 Unsuccessful [2 + 2] cycloadditions

Despite several variations of the nitrogen leaving group, all attempts to furnish
the [2 4 2] products were unsuccessful (Scheme 5.16).

In all cases only the methyl ester was obtained suggesting the dominance of
nucleophilic attack over any possible cycloaddition. This may be due to inherent
reactivity, the vast excess of nucleophile or simply the proximity of methanol
during the proton switch pathway.

Disappointed by the inability to directly implicate ketene formation, alternative
mechanistic studies were undertaken.

Utilising the arylacetamide series (141, 143-154), a Hammett study was per-
formed to determine the nature of charge build up in the rate determining step
(Fig. 5.7).

A p” value of 2.6 indicates a negative charge build up on the a-carbon during
the reaction. This correlates with the proposed mechanism of zwitterion formation
(175) prior to amine expulsion and ketene release (Scheme 5.17). The requirement
for an electron withdrawing group can also be explained by this resonance
stabilisation of the partial negative charge.
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The rate of deuterium incorporation at the o-position was also examined for the
sulfonyl series 127-130 in methanol d,. With 130, the rate of reaction and D
incorporation was over in a matter of minutes at rt; spectra were therefore run at
3 °C to slow the reaction down enough to achieve sufficient data points. The D
incorporation rates for amides 127-129 were obtained at rt, allowing the activation
energy (AG¥) for H/D exchange to be established (Fig. 5.8).

As steric bulk around nitrogen increases and the N-CO torsion energy drops, the
increase in AG* for H/D exchange implicates an increase in rate of the proton-
switch. In conjunction with the Hammett findings (Fig. 5.7) a complete mecha-
nistic picture can be established (Scheme 5.18).

5.2.3 Synthetic Uses

As with the analogous urea study (Sect. 4.2.2) a wide range of nucleophiles were
employed in the synthesis of esters, thioesters and amides. All the reactions
occurred at rt and produced high yields after short reaction times. Pleasingly
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stoichiometric amounts of the nucleophile can be used rendering the reaction more
attractive to synthetic chemists (Table 5.8).

Both phenol and thiophenol efficiently form the ester (179) and thioester (180)
respectively and highlight the counterintuitive nature of the reaction. Under the
classic nucleophilic attack mechanism, the breakdown of the tetrahedral inter-
mediate would result in the expulsion of the best leaving group, nominally phenol

or thiophenol (pKa; PhSH = 6.6, PhOH = 10) and not the amine (pKa > 30).

When water was used as the nucleophile it forms the carboxylic acid which in
turn is deprotonated by extruded amine to form the salt. A simple 1 M HCI wash
furnishes the free acid. With water as solvent (at 100 °C due to solubility issues),
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Table 5.8 Alternative nucleophile addition

O\\ ’9 0 Nucleophile (2 \\ '/
S\)L uc eop ile (2 eq)
N Nucleophile
THF

rt, Time
130
Entry Nucleophile Product Time (h) Yield (%)
1 H,O 176 24 94
2 MeOH 108 6 95
3 tBuOH 177 24 89
4 tBuNH, 178 4 97
5 PhOH 179 6 93
6 PhSH 180 2 97

. SJJ\
00
N 100 °C 100°C

HN

2 hrs, >99% 32 hrs, 52%
130 181

Scheme 5.19 Methyl sulfone formation via decarboxylation of an acid intermediate

the reaction is complete within 2 h and if this is left for extended times, decar-
boxylation can occur furnishing the methyl sulfone (181) (Scheme 5.19).

In summary, hindered amides possessing an electron withdrawing group have
shown to undergo mild solvolysis under neutral conditions. A low activation
barrier to rotation of the C-N bond allows the more basic amide nitrogen to
participate in proton switch to generate a ketene intermediate which is subse-
quently attacked by a nucleophile.
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Chapter 6
Conclusions and Future Work

6.1 Conclusions

6.1.1 Pd(Il) Catalysed Aminocarbonylations of Alkenes

During attempted investigations into the Pd(II) catalysed aminocarbonylations of
alkenes (Chap. 2) conditions were found to from pyrimidiones in low yields. The
reaction is stoichiometric with respect to the palladium. Unfortunately efforts to
render the reaction catalytic were unsuccessful. The reaction is substrate specific
with rates of f-hydride elimination of the palladated intermediate critical to
reactivity. Unfortunately the analogous reaction with methanol failed to furnish
p-amino acid derivatives (Scheme 6.1).

Pd(MeCN),Cl, (10 mol%)
Q __ BQ(l2eq MeN” > NMe
MeHN” NHMe* PH

CO (1 atm) 0 Ph
DME
5 hrs, 60 °C, 10%

Scheme 6.1 Pyrimidione formation

6.1.2 Carbonylation of Aryl Ureas

Aryl ureas have been shown to ortho carbonylate whereby a range of heterocycles
and esters were formed at room temperature in less than 5 h. Pd(OTs),(MeCN),
can be used in the reaction with the metal directed to the ortho position by the
oxygen of the urea. Mono and bis substitution of the alkyl nitrogen was tolerated
as was a wide range of functionality on the aromatic ring. Methylation of the aryl
nitrogen resulted in a shutdown of the reaction, while strongly electron with-
drawing groups in the aromatic ring returned poor yields (Scheme 6.2).

M. Hutchby, Novel Synthetic Chemistry of Ureas and Amides, Springer Theses, 89
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Scheme 6.2 Ortho functionalisation of aryl ureas
6.1.3 Urea Hydrolysis

Chapter 4 described the unusual solvolysis of hindered tri-substituted ureas. The
rate of methanolysis was found to dramatically increase with an increase in steric
bulk, a counterintuitive observation based on classical B,c2/A 2 solvolysis.
A detailed mechanistic study found substantial evidence of an isocyanate inter-
mediate generated from a proton switch mechanism (Scheme 6.3).

Generation of this intermediate was explicitly implicated through a crossover
experiment where urea formation could only occur via the generation of an
isocyante (Scheme 6.4).

)
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i,
hoy~~y”  MeOH -NHE({Bu Ph. /C/O _MeOH _ Ph. )
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Scheme 6.3 Facile methanolysis of hindered tri-substituted ureas
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Scheme 6.4 Amine partioning between isocyanates
6.1.4 Amide Hydrolysis

Finally hindered amides possessing an electron withdrawing group have been
shown to undergo facile solvolysis in an analogous system to that of the ureas.
Sterically bulky groups generate a low barrier to rotation of the C-N bond
rendering the nitrogen more basic and enabling to participate in the proton shift
mechanism. It is proposed that these compounds are a new class of amides
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Scheme 6.5 Facile methanolysis of hindered amides

(‘rotamides’) exhibiting physical and spectral characteristics of standard amides
but the reactivity of conformationally locked ‘twisted amides’. These compounds
may have a significant impact in the understanding of peptide hydrolysis and the
method by which nature is able to easily manipulate this robust moiety
(Scheme 6.5).

The reaction is thought to proceed via a ketene intermediate but all efforts to
directly observe this species through a cycloaddition reaction were unsuccessful.
Indirect implications through a Hammett study and deuterium incorporation rates
suggest a proton switch mechanism, thereby corroborating the hypothesised
intermediacy of a ketene.

6.2 Future Work
6.2.1 Polymerisation of Hindered Tri-Substituted Ureas

Polyurethranes are polymers consisting of organic units joined by a carbamate
(urethane) linker. They can be found in a wide variety of products ranging from
flexible foam seating, foam insulation panels, foam seals, gaskets, elastomeric
wheels and tyres, adhesives, surface coatings and even carpet underlay. Many of
these materials are formed through the polymerisation of a monomer containing at
least two isocyanate functional groups with another monomer containing at least
two hydroxyl groups [1] (Scheme 6.6).

/©/NCO talyst 0+ HNONH HNJ<O4\)
catalys n n
+ HO OH ——
) 0— Q o
OCN o

n

Scheme 6.6 Urethane synthesis

In order to facilitate a polymerisation, catalysts are normally required which
can either be tertiary amine based or organometallic [1]. The latter include mer-
cury, lead, tin, bismuth and zinc based compounds, many of which are highly
toxic. Isocyanates can also be difficult to handle, unstable and toxic molecules [2].
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Scheme 6.7 Possible urethane synthesis from hindered tri-substituted ureas

With strong evidence that hindered tri-substituted ureas undergo a proton
switch mechanism to yield isocyanates, [3] it should be feasible to generate
polyurethanes from doubly substituted ureas and a polyol (Scheme 6.7).

The benefits of such a development include the removal of the need for a
catalyst and the enhanced stability and ease of handling when compared to an
isocyanate. Polymerisation reactions would also be highly controllable. By
selecting an appropriate level of steric hindrance the reaction could be tailored
around temperature and time all having an impact on the degree and type of
polymer formed.

6.2.2 Amide Hydrolysis: Direct Evidence of Ketene Formation

With intramolecular cycloaddition reactions failing to provide significant evidence
of ketene intermediate, malonate derivatives may be more successful.

By appending a keteneophile to the terminal end of such molecules, the
a-position would remain available to engage in the proton switch mechanism,
allowing the ketene to be released (Scheme 6.8).

Such a route would be highly dependent on the orientation of the keteneophile
trap and its proximity to the ketene as it is generated. As before the source of
protons may be critical with methanol perhaps too small and nucleophilic to allow
the [2 + 2] cycloaddition. Alternative proton switches could also be investigated
with phenol and rBuOH prime candidates.

In addition to this, the uncontrolled reactivity of 134 could perhaps be
exploited. The substrate appeared to undergo a reaction in the presence of meth-
anol but did not furnish the expected methyl ester. This perhaps presents an
opportunity to intercept any potential ketene generated with classical [2 + 2]
cycloadditions as described in Sect. 5.2.2 (Scheme 6.9).

6.2.3 Amide Hydrolysis: Manipulations of Reactivity

During the Hammett investigations into the electronic influences on amide
hydrolysis, an anomalous reading from the p-CF; derived substrate led to an
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Scheme 6.9 Exploitation of 134

observed rate many times faster than expected. After re-synthesising the substrate,
the rate returned to the expected level indicating a contaminant in the original
batch that was enhancing reactivity. It would be prudent to investigate potential
impurities with fluoride a potential source. F~ could act as a base, assisting in the
de-protonation/enolisation of the amide thereby increasing the rate of solvolysis.
Catalytic sources of fluoride (KF, TBAF etc.) may provide an easy and convenient
additive to enhance reactivity of those with slow rates (Scheme 6.10).

O cat. F o
EWG _— EWG\)k e + HNR,
NR, increase rate? o

Scheme 6.10 Fluoride catalysed rate enhancement

In contrast to the effect of added base, an investigation into the addition of acid
may provide details into the stability of rotamides. It is noticeable that these
compounds, in particular the most reactive amides are stable to aqueous acidic
workups and column chromatography (performed in reagent grade solvent) despite
their propensity to hydrolyse with only a few equivalents of water at room tem-
perature. Slightly acidic silica used in chromatography may be responsible for this
effect and development of an H" based stabiliser may render these molecules
indefinitely stable allowing for easier storage and increasing their synthetic value
(Scheme 6.11).



94 6 Conclusions and Future Work

Scheme 6.11 Acid catalysed 0 MeOH (0]
inhibition
EWG\)LNR2 —X— EWG\)J\O/
H+
stable?

6.2.4 Alternative Rotamides

Amides possessing an aziridine moiety have been shown to develop a high degree
of pyrimidalisation leading to a poorer overlap of the nitrogen lone pair of elec-
trons with the carbonyl n-bond and as consequence a rapid rate of hydrolysis [3].
A full and comprehensive literature search yields no substrates that contain both
this aziridine headgroup and an electron withdrawing unit at the «-position. An
examination of such molecules therefore may lead to easily solvolysed amides
which are not reliant on steric bulk (Scheme 6.12).

Scheme 6.12 Aziridine (0] %)

ad ¢ BETN] MeOH
based ‘rotamides EWG \)J\N e EWG \)]\
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Chapter 7
Experimental

7.1 General Experimental Detail

For rapid screening of conditions and substrates, reactions were frequently carried
out using a Radley’s 12 port reaction carousel with reduced volume tubes.
However results were identical when repeated using standard Schlenk techniques.
All glassware was washed in acid (conc. HNO3) and base baths (iPrOH/KOH)
before being rinsed (H,O/acetone) and oven-dried at 150 °C for at least 18 h. Dry
solvents were purchased (Aldrich, Fluka, Alfa Aesar) and distilled or obtained by
passage through an Anhydrous Engineering drying column. Solvents for extraction
and chromatography were technical grade. Carbon monoxide was purchased from
BOC. Purchased chemicals (Aldrich, Acros, Fluka, Alfa Aesar) were used as
received, unless otherwise stated. Reagents requiring purification were done so
according to Purification of Laboratory Chemicals [1]. Benzoquinone was sub-
limed before use.

Melting points were conducted with a Stuart Scientific melting point apparatus.
IR spectra were obtained with Perkin-Elmer Spectrum One apparatus; peaks are
reported in cm™ ! with the following intensities: s (strong, 70-100 %), m (medium,
30-70 %), w (weak, 1-30 %). NMR spectra were obtained from Jeol Eclipse 400,
Lambda 300, Varian 400 or Varian 500 instruments. 'H and '*C NMR chemical
shifts 6 (ppm) are reported relative to residual solvent non-deuterated. Multi-
plicities are indicated as s (singlet), d (doublet), t (triplet), q (quartet), sept (septet),
br (broadened), app (apparent) or m (multiplet, when multiplicity is complex).
Coupling constants, J, are reported in Hz. MS (EI, CI, ESI, LRMS, HRMS) were
conducted by the University of Bristol Mass Spectrometry Service using Fisons
Autospec instruments. Flash chromatography was conducted using Fluorochem
silica gel 60 (0.040-0.063). Eluting solvent used as indicated in the text. Thin
Layer Chromatography (TLC) was conducted with 0.25 mm Merck silica gel 60
F254 on aluminium plates, developed with the indicated solvent systems
(PE = 40/60 petroleum ether, EtOAc = ethyl acetate), visualising at 254 nm or
developed with KMnO,.

M. Hutchby, Novel Synthetic Chemistry of Ureas and Amides, Springer Theses, 95
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7.2 Pd(II) Catalysed Aminocarbonylation of Alkenes

Procedure 1: Reactions performed at atmospheric pressure

Pd(MeCN),Cl, (26 mg, 0.1 mmol, 0.1 eq), benzoquinone (120 mg, 1.1 mmol,
1.1 eq) and N,N'-dialkylurea (I mmol, 1 eq) were added to a Schlenk tube. The
reagents were dissolved in the relevant dry and degassed solvent (1 mL) to leave a
homogeneous orange solution. CO was bubbled through the solution from a balloon
via a needle for 5 min, in which time a purple solid precipitated. The tube was
sealed with a suba seal, maintaining a positive pressure of CO by leaving the needle
and balloon open. The vessel was heated at 60 °C for 20 min during which time the
solid re-dissolved to leave a yellow solution. The alkene (2 mmol, 2 eq) was then
added via a syringe into the vessel. The reaction was stirred at 60 °C for the
appropriate amount of time (typically 6-18 h). The reaction was then cooled to
room temperature and solvent removed in vacuo. The resulting residue was washed
with DCM (2 x 5 mL) and the resulting solids (palladium metal and hydroqui-
none) removed via gravity filtration. The filtrate was concentrated in vacuo and the
resulting brown oil purified by column chromatography, the appropriate eluent
being indicated by TLC (nominally 100 % Et,O or 1:1 EtOAc: PE).

Procedure 2: Reactions performed at increased pressure

Pd(MeCN),Cl, (26 mg, 0.1 mmol, 0.1 eq), benzoquinone (120 mg, 1.1 mmol,
1.1 eq) and N,N'-dialkylurea (1 mmol, 1 eq) were added to a 28 mL capacity vial.
The reagents were dissolved in the relevant dry and degassed solvent (1 mL) to
leave a homogeneous orange solution. The alkene (2 mmol, 2 eq) was added to the
reaction mixture before the vial was fitted with screw lid pierced with a 2 mm
diameter hole. The vessel was placed inside a 120 bar Parr autoclave which was
subsequently sealed and flushed with 3 x 1 atm CO. The reaction was then placed
under the relevant pressure of CO and heated to 60 °C for the appropriate amount
of time (typically 4-16 h). Upon completion, the reaction was allowed to cool to
room temperature and the reaction solvent removed in vacuo. The resulting residue
was washed with DCM (2 x 5 mL) and the resulting solids (palladium metal and
hydroquinone) removed via vacuum filtration. The filtrate was concentrated in
vacuo and the resulting brown oil purified by column chromatography, the most
appropriate eluent being indicated by TLC (nominally 100 % Et,O or 1:1
Petrol:EtOAc).

1,3-Dimethyl-6-phenyldihydropyrimidine-2,4(1H,3H)-dione (18)

O
Ao

o
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Aminocarbonylation procedure 2 was followed at a pressure of 20 bar using
N,N'-dimethyl urea and styrene. The reaction mixture was purified by column
chromatography (100 % Et,0) to give the title pyrimidione (22 mg, 10 %) as a
pale brown oil; R, 0.28 (100 % Et,0); "H NMR (400 MHz, CDCl): § = 7.30-
7.41 (m, 3H, ArH), 7.13-7.10 (m, 2H, ArH), 4.55 (dd, J = 7.0, 3.5 Hz, 1H, CH),
3.24 (s, 3H, CH3NCOCO), 3.19 (dd, J = 16.5, 7.0 Hz, 1H, CHH), 3.03 (s, 3H,
CH;NCH), 2.88 (dd, J = 16.5, 3.5 Hz, 1H, CHH); '*C NMR (100 MHz, CDCl5):
0 = 168.1 (0), 154.1 (C), 138.4 (C), 129.4 (CH), 129.1 (CH), 128.6 (CH), 128.1
(CH), 125.8 (CH), 57.3 (CH), 39.1 (CH,), 35.2 (CH3), 27.7 (CH3); IR (cm™ )
1,677 (s), 1,643 (s); HRMS; m/z (CI), calculated for C;,H;5N,0,, 219.1133
[M -+ HJ*, found 219.1131 [M + HJ".

(E)-Butyl 3-(1,3-dimethylureido)acrylate (20)

~N 7

(0]
NJ\N
H

f

0 O/\/\

Aminocarbonylation procedure 1 was followed using N,N'-dimethyl urea and
nbutyl acrylate (Note Procedure 2 under CO pressures of up to 50 bar produced
identical results). The reaction mixture was purified by column chromatography
(1:1 EtOAc: PE) to give the title enamide (173 mg, 81 %) as a white solid; R¢0.20
(1:1 EtOAc: PE); mp 95-98 °C; '"H NMR (400 MHz, CDCls): 6 = 8.20 (d,
J = 14.0 Hz, 1H, NCH = CHCO), 5.72 (br. s, 1H, NH), 5.07 (d, / = 14.0 Hz, 1
H, NCH = CHCO), 4.08 (t, J = 7.0 Hz, 2H, OCH,CH,), 3.07 (s, 3H, CH;NH),
2.86 (d, J = 4.5 Hz, 3H, CH3NCH = CH), 1.57-1.64 (m, 2H, OCH,CH,CH,),
1.32-1.42 (m, 2H, CH,CH,CH,CHj3), 0.91 (t, J = 7.0 Hz, 3H, CH,CH,CHj); "*C
NMR (100 MHz, CDCl;): 6 = 168.3 (C), 155.6 (C), 143.1 (CH), 95.7 (CH), 63.8
(CH,), 31.2 (CH3), 30.8 (CH,), 27.8 (CHs), 19.1 (CH,), 13.7 (CH3); IR (cm™ )

3,379 (m), 2,962 (w), 1,707 (s), 1,660 (s), 1,627 (s), 1,530 (m); HRMS: m/z (CI),
calculated for C;oH;oN,O5, 215.1401 [M + H]*, found 215.1396 [M + H]".

7.3 Carbonylation of Aryl Ureas

7.3.1 Preparation of Ureas

The preparation of non-commercial ureas was performed using the appropriate
isocyanate and amine. For those which were volatile, amines were free-based from
their hydrochloride salt using triethylamine at O °C, prior to the addition of
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isocyanate. A representative example for the formation of 1,1-dimethyl-3-phe-
nylurea is as follows:

To a suspension of dimethylamine hydrochloride (3.26 g, 40 mmol, 1 eq) in
dry dichloromethane (150 mL), triethylamine (5.46 mL, 40 mmol, 1 eq) was
added and the reaction allowed to stir for 10 min at 0 °C. To this, phenyl isocy-
anate (3.69 mL, 34 mmol, 0.85 eq) was added slowly and the solution allowed to
stir at room temperature for up to 16 h. The solution was washed using 2 M HCI
(3 x 50 mL) and extracted into DCM (150 mL), dried over MgSOQy,, filtered and
the solvent removed in vacuo. The resulting white solid was recrystallised from
toluene to yield pure urea (5.13 g, 92 %). (Note No triethylamine is required for a
free amine source and in many cases the ureas were recovered by simple re-
crystallistion (from toluene) of the crude reaction mixture.)

1,1-Dimethyl-3-phenylurea (25)

92 %; Ry 0.40 (100 % EtOAc); mp 134-135 °C (Ref: 132-134 °C); 'H NMR
(300 MHz, CDCl3), 6 = 7.35-7.39 (m, 2H, ArH), 7.24-7.30 (m, 2H, ArH), 6.98—
7.04 (m, 1H, ArH), 6.37 (br. s, 1H, NH), 3.01 (s, 6H, N(CH;),); '*C NMR
(75 MHz, CDCls), & = 155.8 (C), 139.3 (C), 129.0 (CH), 123.0 (CH), 119.9 (CH),
36.5 (CHs); IR (cm ™), 3,345 (w), 1,641 (s), 1,594 (s), 1,526 (s); HRMS: m/z (CI),
calculated for CoH3N,0, 165.1028 [M]*, found 165.1023 [M]* [2].

1,1-Diethyl-3-phenylurea (26)
i [
N \n/ N ~
©/ (0)

97 %; Ry 0.40 (1:1 EtOAc: PE); mp 90 °C (Ref: 86-88 °C); 'H NMR
(400 MHz, DMSO-dg), 6 = 8.12 (br. s, 1H, NH), 7.45-7.50 (m, 2H, ArH), 7.18—
724 (m, 2H, ArH), 6.89-6.94 (m, 1H, ArH), 3.33 (q, J = 7.0 Hz, 4H,
N(CH,CHs),), 1.08 (t, J = 7.0 Hz, 6H, N(CH,CHj;),); >*C NMR (100 MHz,
DMSO-dg), 06 = 154.4 (C), 140.7 (C), 128.1 (CH), 121.5 (CH), 120.0 (CH), 40.5
(CH,), 13.9 (CH3); IR (cm™ 1) 3,297 (w), 2,974 (w), 2,932 (w), 1,635 (s), 1,593 (s),
1,526 (s); HRMS: m/z (CI), calculated for C;;H7N,0, 193.1341 [M + H]*, found
193.1347 [M + HJ* [3].
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1,1-Diisopropyl-3-phenylurea (27)

o1
(T

71 %; R¢ 0.59 (1:1 EtOAc: PE); mp 123-124 °C (Ref: 121-123 °C); 'H NMR
(400 MHz, CDCl3), 6 = 7.22-7.39 (m, 4H, ArH), 6.95-7.03 (m, 1H, ArH), 6.17
(br. s, 1H, NH), 3.98 (sept, J/ = 7.0 Hz, 2H, 2CH), 1.32 (d, J = 7.0 Hz, 12H,
4(CH3)); '3C NMR (100 MHz, CDCl5), 6 = 154.5 (C), 139.3 (C), 128.6 (CH),
122.4 (CH), 119.6 (CH), 45.4 (CH), 21.3 (CH;); IR (cm™!) 3,289 (w), 2,968 (w),
1,635 (s), 1,594 (s), 1,522 (s), 1,445 (s), 1,333 (s); HRMS: m/z (CI), calculated for
C13H,1N,0, 221.1654 [M + H]", found 221.1664 [M + H]* [4].

1-Morpholine-3-phenylurea (28)

90 %; Ry 0.37 (100 % EtOAc); mp 158-160 °C (Ref: 156-159 °C); '"H NMR
(300 MHz, CDCls), 6 = 7.26-7.36 (m, 4H, ArH), 7.02-7.07 (m, 1H, ArH), 6.41
(s, 1H, NH), 3.71-3.74 (m, 4H, OCH,), 3.45-3.48 (m, 4H, NCH,); *C NMR
(75 MHz, CDCls), 6 = 155.2 (C), 138.8 (C), 129.0 (CH), 123.5 (CH), 120.2 (CH),
66.6 (CH,), 44.3 (CH,); IR (cm™"), 3,252 (w), 2,858 (w), 1,631 (s), 1,594 (s),
1,528 (s), 1,499 (s), 1,441 (s), 1,406 (s); HRMS: m/z (CI), calculated for
C,;H,sN,0,, 207.1134 [M + H]*, found 207.1136 [M + HJ* [5].

1-Methyl-3-phenylurea (29)
H H
s
(0)

56 %; R, 0.08 (1:1 EtOAc: PE); mp 150-152 °C (Ref: 148-150 °C); '"H NMR
(300 MHz, DMSO-dg), 6 = 8.47 (br. s, 1H, ArNH), 7.39 (br. d, J = 8.0 Hz, 2H,
ArH), 7.20 (br. t, J = 8.0 Hz, 2H, ArH), 6.87 (br. t, J = 8.0 Hz, 1H, ArH), 5.99
(br. q, J = 4.5 Hz, 1H, NHCH,), 2.63 (d, J = 4.5 Hz, 3H, CH3); '°C NMR
(75 MHz, DMSO-dg), 6 = 155.9 (C), 140.6 (C), 128.6 (CH), 121.0 (CH), 117.7
(CH), 26.3 (CH3); IR (cm™ "), 3,290 (w), 2,975 (w), 2,933 (w), 1,635 (s), 1,592 (s),
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1,528 (s), 1,442 (s); HRMS: m/z (CI), calculated for CgH;;N,O, 151.0871
[M + HJ*, found 151.0867 [M + H]* [6].

1-Ethyl-3-phenylurea (21)

94 %; Ry 0.50 (100 % EtOAc); mp 100-101 °C (Ref: 92-95 °C); '"H NMR
(270 MHz, DMSO-dg), 0 = 8.39 (s, 1H, ArNH), 7.35-7.39 (m, 2H, ArH), 7.17-
7.24 (m, 2H, ArH), 6.84-6.90 (m, 1H, ArH), 6.07 (t, / = 6.0 Hz, 1H, CH,NH),
3.10 (dq, J = 7.0, 6.0 Hz, 2H NCH,), 1.05 (t, J = 7.0 Hz, 3H, CH,CH3); 3¢
NMR (68 MHz, DMSO-d), 6 = 155.7 (C), 141.2 (C), 129.2 (CH), 121.4 (CH),
118.2 (CH), 34.5 (CH,), 16.0 (CH3); IR (cm™ "), 3,308 (w), 1,643 (s), 1,603 (s),
1,544 (s); HRMS: m/z (CI), calculated for CoH;,N,O, 164.0949 [M + H]*, found
164.0944 M + H]* [7].

1-isoPropyl-3-phenylurea (31)

89 %; R 0.38 (1:1 EtOAc: PE); mp 157-158 °C (Ref: 155-156 °C); '"H NMR
(300 MHz, DMSO-dg), 6 = 8.27 (br. s, 1H, ArNH), 7.37 (m, 2H, ArH), 7.20 (m,
2H, ArH), 6.87 (m, 1H, ArH), 5.98 (br. d, J = 7.0 Hz, 1H, NHCH), 3.76 (d of
sept, J = 7.0, 6.5 Hz, 1H, CH), 1.08 (d, J = 6.5 Hz, 6H, 2(CH3)); '*C NMR
(75 MHz, DMSO-dg), 6 = 154.5 (C), 140.6 (C), 128.6 (CH), 120.9 (CH), 117.5
(CH), 40.9 (CH), 23.0 (CH3); IR (cm™"), 3,340 (w), 2,977 (w), 2,965 (w), 1,636
(s), 1,595 (s); HRMS: m/z (CI), calculated for C,oH;sN,O, 179.1184 [M + H]",
found 179.1188 [M + HJ* [8].

1-(tert-Butyl)-3-phenylurea (32)

68 %; R;0.57 (1:1 EtOAc: PE); mp 170-171 °C; "H NMR (400 MHz, DMSO-
de), 6 = 821 (br. s, 1H, ArNH), 7.31-7.35 (m, 2H, ArH), 7.16-7.22 (m, 2H,
ArH), 6.86 (m, 1H, ArH), 5.97 (br. s, 1H, NHC(CH3)3), 1.28 (s, 9H, C(CH;)3);
13C NMR (100 MHz, DMSO-dy), 6 = 154.4 (C), 140.6 (C), 128.6 (CH), 120.7
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(CH), 117.3 (CH), 49.4 (C), 29.0 (CH5); IR (cm™'), 3,297 (w), 2,971 (w), 1,646
(s), 1,594 (s), 1,540 (s), 1,498 (s); HRMS: m/z (CI), calculated for C;;H7N,0,
193.1341 [M + HJ*, found 193.1348 [M + H]".

1-Benzyl-3-phenylurea (33)

81 %; Ry 0.47 (1:1 EtOAc: PE); mp 173-174 °C (Ref: 169-171 °C); 'H NMR
(400 MHz, DMSO-dg), 6 = 8.55 (br. s, 1H, ArNH), 7.19-7.42 (m, 9H, ArH), 6.89
(br. t, J = 7.0 Hz, 1H, ArH), 6.60 (br. t, J = 7.0 Hz, 1H, NHCH,), 4.30 (d,
J = 7.0 Hz, 2H, CH,); >*C NMR (100 MHz, DMSO-dy), § = 155.2 (C), 140.5
(C), 140.4 (C), 128.7 (CH), 128.3 (CH), 127.1 (CH), 126.7 (CH), 121.1 (CH) 117.7
(CH), 42.7 (CH,); IR (cm™ 1Y), 3,304 (w), 3,029 (w), 1,685 (w), 1,630 (s); HRMS:
m/z (CI), calculated for C;4H;sN,O, 227.1184 [M + HJ*, found 227.1177
[M + HI" [9].

1,1-Dimethyl-3-(o-tolyl)urea (43)

94 %; R; 0.35 (100 % EtOAc); mp 143-144 °C; "H NMR (300 MHz, CDCl3),
0 = 7.69-7.72 (m, 1H, ArH), 7.13-7.20 (m, 2H, ArH), 6.97-7.02 (m, 1H, ArH),
6.12 (br. s, 1H, NH), 3.03 (s, 6H, N(CH3),), 2.24 (s, 3H, ArCH;); '*C NMR
(75 MHz, CDCl3), 6 = 156.0 (C), 137.3 (C), 130.3 (CH), 128.3 (C), 126.8 (CH),
123.8 (CH), 122.5 (CH), 36.5 (CH3), 17.9 (CH3); IR (cm™ "), 3,264 (w), 1,635 (s),
1,482 (s); HRMS: m/z (CI), calculated for C,oH;sN,O, 179.1176 [M + H]*, found
179.1184 [M + H]™.

1,1-Dimethyl-3-(p-tolyl)urea (45)

97 %:; Ry 0.37 (100 % EtOAc); mp 137-138 °C (Ref: 152-153 °C); '"H NMR
(270 MHz, CDCly), § = 7.22-7.25 (m, 2H, ArH), 7.04-7.07 (m, 2H, ArH), 6.30
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(br. s, 1H, NH), 2.99 (s, 6H, N(CH3),), 2.27 (s, 3H, ArCH3); '>°C NMR (68 MHz,
CDCl,), 6 = 156.0 (C), 136.6 (C), 132.6 (C), 129.4 (CH), 120.2 (CH), 36.5 (CH;),
20.8 (CH3); IR (cmfl), 3,277 (w), 1,640 (s), 1,531 (s); HRMS: m/z (CI), calculated
for C,oH;5N,0, 179.1180 [M + H]*, found 179.1184 [M + H]* [5].

3-(4-Methoxyphenyl)-1,1-dimethylurea (48)

H |
o
(0]
MeO

66 %; R¢ 0.32 (100 % EtOAc); mp 131-132 °C (Ref: 130-132 °C); 'H NMR
(270 MHz, CDCly), 6 = 7.23-7.27 (m, 2H, ArH), 6.80-6.83 (m, 2H, ArH), 6.19
(br. s, 1H, NH), 3.76 (s, 3H, OCH3), 3.00 (s, 6H, N(CH3),); '*C NMR (100 MHz,
CDCl), 0 = 155.9 (C), 132.3 (C), 122.3 (CH), 114.2 (CH), 55.6 (CHj3), 36.6
(CH3); IR (cm™"), 3,299 (w), 1,638 (s), 1,509 (s); HRMS: m/z (CI), calculated for
C1oH sN,0,, 195.1130 [M + H]*, found 195.1134 [M + H]" [5].

1,1-Dimethyl-3-(4-(trifluoromethyl)phenyl)urea (49)

RN
~
o
F,C

43 %; R;0.11 (1:2 EtOAc: PE); mp 193-194 °C; '"H NMR (400 MHz, CDCl5),
6 = 7.54 (app. d, J = 7.0 Hz, 4H, ArH), 6.52 (br. s, 1H, NH), 3.07 (s, 6H,
N(CH3),); >C NMR (100 MHz, CDCl3), 6 = 155.2 (C), 142.5 (C), 126.2 (q,
J =3.6 Hz, CH), 119.0 (CH), 36.6 (CH3), quaternary CF3; and C-CF; not
observed; IR (cm™"), 3,321 (w), 1,652 (s), 1,601 (m), 1,525, (s); HRMS: m/z (CI),
calculated for C;oH;,N,OF3, 233.0902 [M + HJ*, found 233.0899 [M + HJ".

3-(4-Bromophenyl)-1,1-dimethylurea (51)

2o
N
JOR
Br

87 %; R;0.21 (1:1 EtOAc: PE); mp 163 °C (Ref: 169 °C); '"H NMR (400 MHz,
DMSO-dg), § = 8.40 (br. s, 1H, NH), 7.43-7.48 (m, 2H, ArH), 7.36-7.41 (m, 2H,
ArH), 2.91 (s, 6H, N(CHs),); >C NMR (100 MHz, DMSO-dy), 6 = 155.5 (C),
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140.2 (C), 131.0 (CH), 121.4 (CH), 113.0 (C), 36.2 (CH3); IR (Cm_l) 3,299 (w),
2,932 (w), 1,642 (s), 1,588 (s); HRMS: m/z (CI), calculated for C9H12N2079Br,
243.0134 [M + H]*, found 243.0133 [M + H]* [10].

Methyl 4-(3,3-dimethylureido)benzoate (53)
|

NN
~
0 I

0

65 %; R; 0.10 (1:1 EtOAc: PE); mp 174-175 °C (Ref: 168-170 °C); '"H NMR
(300 MHz, CDCls), 6 =791 (br. d, J=8.5Hz, 2H, ArH), 7.47 (br. d,
J = 8.5 Hz, 2H, ArH), 6.88 (br. s, 1H, NH), 3.86 (s, 3H, OCHj3), 3.00 (s, 6H,
N(CH3),); *C NMR (100 MHz, CDCl3), 6 = 166.8 (C), 155.0 (C), 143.7 (C),
130.7 (CH), 124.0 (C), 118.3 (CH), 51.8 (CH3), 36.5 (CH3); IR (cm™") 3,361 (w),
3,285 (w), 2,950 (w), 1,708 (s), 1,649 (s), 1,594 (s), 1,526 (s); HRMS: m/z (CI),
calculated for C;H;sN,Os, 223.1083 [M + HJ*, found 223.1081 [M + H]" [11].

1,1-Dimethyl-3-(4-nitrophenyl)urea (54)

H |
oy
(@)
0,N

34 %; R¢ 0.16 (1:1 EtOAc: PE); mp 224-225 °C; "H NMR (400 MHz, DMSO-
de), 0 = 9.01 (br. s, 1H, NH), 8.12-8.17 (m, 2H, ArH), 7.72-7.77 (m, 2H, ArH),
2.96 (s, 6H, N(CH3),); *C NMR (100 MHz, DMSO-dy), § = 154.9 (C), 147.6
(C), 140.7 (C), 124.7 (CH), 118.3 (CH), 36.3 (CH3); IR (cm™") 3,344 (m), 2,929
(w), 1,655 (s), 1,608 (s), 1,596 (s); HRMS: m/z (CI), calculated for CoH,N3Os3,
210.0879 [M + H]*, found 210.0885 [M + HJ".

1,1-Dimethyl-3-(4-vinylphenyl)urea (55)
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56 %; R 0.08 (1:1 EtOAc: PE); mp 130-132 °C; '"H NMR (400 MHz, CDCly),
0 = 7.26-7.27 (m, 4H, ArH), 6.58 (dd, J = 17.5, 11.0 Hz, 1H, CH = CH,), 5.33
(dd, J =175, 1.0 Hz, 1H, CH = CHH,), 5.07 (dd, J = 11.0, 1.0 Hz, 1H,
CH = CH,H), 2.95 (s, 6H, N(CH),); '*C NMR (100 MHz, CDCls), § = 155.5
(C), 138.8 (C), 136.3 (C), 132.29 (CH), 126.7 (CH), 119.6 (CH), 112.1 (CH,), 36.4
(CHj); IR (Cm_l) 3,288 (w), 2,927 (w), 1,638 (s), 1,511 (s); HRMS: m/z (CI),
calculated for C11H;5N,0, 191.118 [M + H]", found 191.1175 [M + H]".

1,1-Dimethyl-3-(naphthalen-1-yl)urea (57)

U
N
(I

73 %; R¢ 0.12 (1:1 EtOAc: PE); mp 174-175 °C (Ref: 170-171 °C); 'H NMR
(400 MHz, DMSO-dg), 6 = 8.37 (br. s, 1H, NH), 7.87-7.97 (m, 2H, ArH), 7.71
(d, J = 8.0 Hz, 1H, ArH), 7.40-7.53 (m, 4H, ArH), 3.01 (s, 6H, N(CHs),); °C
NMR (100 MHz, DMSO-dg), 6 = 156.9 (C), 135.8 (C), 133.8 (C), 129.5 (C),
127.9 (CH), 125.7 (CH), 125.5 (CH), 125.4 (CH), 124.8 (CH), 123.6 (CH), 122.8
(CH), 36.4 (CH3); IR (cm™') 3261 (w), 3,052 (w), 2,936 (w), 1,636 (s), 1,597 (s),
1,528 (s); HRMS: m/z (CI), calculated for C,5H,sN,O, 215.1184 [M 4+ H]*, found
215.1187 [M + H]" [12].

1,1,3-Trimethyl-3-phenylurea (69)

N,N',N'-Trimethyl-N-phenyl urea 69 was synthesised by refluxing methyl aniline
(1.08 mL, 10 mmol, 1 eq), dimethyl carbamyl chloride (0.92 mL, 10 mmol, 1 eq)
and 4-(dimethylamino)pyridine (122 mg, 1 mmol, 0.1 eq) in dichloromethane
(50 mL). After 18 h the reaction mixture was allowed to cool and washed several
times with HCl (1 M) and then water. The organic layer was dried with MgSO,,
filtered and concentrated in vacuo to a colourless oil. 400 mg (22 %). R 0.25 (1:1
EtOAc: PE); oil; "H NMR (400 MHz, CDCl;), 6 = 7.25-7.31 (m, 2H, ArH), 7.00—
7.08 (m, 3H, ArH), 3.18 (s, 3H, AINCH3), 2.65 (s, 6H, N(CH;),); '*C NMR
(100 MHz, CDCl3), 6 = 161.7 (C), 146.7 (C), 129.2 (CH), 124.0 (CH), 123.4 (CH),
39.4 (CHj), 37.7 (CH3); IR (cm™ "), 2,933 (w), 1,644 (s), 1,595 (s), 1,490 (s); HRMS:
m/z (CI), calculated for C;oH;sN,O, 179.1184 [M + HJ*, found 179.1192
(M + H]".



7.3 Carbonylation of Aryl Ureas 105

7.3.2 Preparation of Pd(OTs),(MeCN),

Pd(OTs),(MeCN), was prepared using a variation of the procedure reported by
Drent et al. [13] Pd(OAc), (2.65 g, 11.7 mmol, 1 eq) was dissolved in stirring dry
acetonitrile (230 mL). p-Toluenesulfonic acid monohydrate (12 g, 63.2 mmol,
5.4 eq) in dry acetonitrile (150 mL) was added slowly over 10 min effecting a
colour change to yellow. After complete addition, the solution was cooled to 0 °C
and Et,O (280 mL) was added slowly over 30 min affecting a precipitation of the
title compound towards the end of the addition. The resulting slurry was filtered
and dried in vacuo to yield Pd(OTs),(MeCN), as a yellow powder. Note Up to an
extra 20 % yield can be obtained if the filtrate is placed in a freezer for 18 h and
re-filtered. All analytical data matches that reported in the literature [13].

7.3.3 Procedure for the Preparation of Ortho-Ester
Aryl Ureas

The desired urea (1 mmol, 1 eq), benzoquinone (216 mg, 2 mmol, 2 eq), palla-
dium ditosylate bisacetonitrile (26 mg, 5 mol %, 0.05 eq) and tosic acid mono-
hydrate (95 mg, 0.5 mmol, 0.5 eq) were loaded into a reaction vessel equipped
with a stirring bead. THF (0.5 mL) and methanol (0.5 mL) were then added and
the mixture stirred at room temperature. The reaction vessel was then briefly put
under vacuum followed by charging with CO. This procedure was repeated several
times to ensure a headspace flushed with 1 atm. CO. Reaction progress was
monitored by TLC. On completion (2-5 h), the reaction mixture was concentrated
in vacuo, the residue dissolved in DCM and washed with HCI (1 M). The organic
layer was then washed with water, dried over MgSQy,, filtered and concentrated in
vacuo. Purification by flash chromatography (10-40 % EtOAc/PE afforded the
pure products. (Note The main purpose of this workup is to remove hydroquinone,
if the product is easily separable from hydroquinone by column chromatography
then the reaction mixture can be loaded directly onto the silica column).

Methyl 2-(3,3-dimethylureido)benzoate (34)

(0) OMe

88 %; Ry 0.36 (1:1 EtOAc: PE); mp 90-92 °C (Ref: 88-89 °C); 'H NMR
(300 MHz, DMSO-dg), 5 = 10.39 (br. s, 1H, NH), 8.45 (dd, J = 8.5, 1.0 Hz, 1H,
ArH), 7.93 (dd, J = 8.5, 1.0 Hz, 1H, ArH), 7.54 (ddd, J = 8.5, 7.0, 1.0 Hz, 1H,
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ArH), 7.02 (ddd, J = 8.5, 7.0, 1.0 Hz, 1H, ArH), 3.87 (s, 3H, OCH3), 2.98 (s, 6H,
N(CH3),); °C NMR (76 MHz, DMSO-dg), § = 168.5 (C), 154.6 (C), 142.9 (C),
134.3 (CH), 130.5 (CH), 120.6 (CH), 118.9 (CH), 113.9 (C), 52.4 (CH3), 35.8
(CH,); IR (cm™Y), 3,262 (w), 2,950 (w), 1,693 (s), 1,665 (s); HRMS: m/z (CI),
calculated for C;H,sN,O5, 223.1083 [M + HJ*, found 223.1078 [M + HJ* [14].

Methyl 2-(3,3-diethylureido)benzoate (35)

(0] OMe
¢
~
T

76 %; R¢ 0.51 (1:1 EtOAc: PE); oil; "H NMR (400 MHz, CDCl;), d = 10.59
(br. s, 1H, NH), 8.59 (app. d, J = 8.5 Hz, 1H, ArH), 7.97 (dd, J = 8.5, 2.0 Hz,
1H, ArH), 7.47 (ddd, J = 8.5, 7.0, 2.0 Hz, 1H, ArH), 6.89-6.96 (m, 1H, ArH),
3.89 (s, 3H, OCH3), 3.42 (q, J = 7.0 Hz, 4H, N(CH,CH3),), 1.24 (t, J = 7.0 Hz,
6H, N(CH,CHj),); >C NMR (100 MHz, CDCl3), & = 169.2 (C), 154.5 (C), 143.8
(0), 134.5 (CH), 130.6 (CH), 120.3 (CH), 119.4 (CH), 113.7 (C), 52.1 (CH3) 41.5
(CH,), 13.7 (CH3); IR (cm™ '), 3,313 (w), 2,975 (W), 1,666 (s), 1,588 (s), 1,528 (s);
HRMS: m/z (CI), calculated for C,;3H;oN,Os, 251.1396 [M + H]*, found
251.1384 [M + H]™.

Methyl 2-(3,3-diisopropylureido)benzoate (36)

o OMEe\N(
T

55 %; Ry 0.65 (1:1 EtOAc: PE); oil; 'H NMR (400 MHz, DMSO-d),
6 = 10.11 (br. s, 1H, NH), 8.30 (dd, J = 8.5, 1.5 Hz, 1H, ArH), 7.91 (dd, J = 8.5,
1.5 Hz, 1H, ArH), 7.50 (ddd, J = 8.5, 7.0, 1.5 Hz, 1H, ArH), 6.98 (ddd, J = 8.5,
7.0, 1.5 Hz, 1H, ArH) 3.87 (sept, J = 6.5 Hz, 2H, 2CH), 3.85 (s, 3H, OCH3), 1.27
(d, J = 6.5 Hz, 12H, 4(CH3)); '*C NMR (76 MHz, DMSO-d), é = 168.5 (C),
153.2 (C), 143.2 (C), 134.2 (CH), 130.5 (CH), 120.4 (CH), 119.7 (CH), 114.0 (C),
52.5 (CH;) 45.8 (CH), 20.8 (CHs); IR (cm™"), 3,316 (w), 2,970 (w), 1,664 (s),
1,587 (s); HRMS: m/z (CI), calculated for C,sH,3N,Os, 279.1709 [M + H]",
found 279.1704 [M + H]™.
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Methyl 2-(3-methylureido)benzoate (38)

O OMe

H
N NHMe

b

o

61 %; R¢ 0.32 (1:1 EtOAc: PE); mp 117-120 °C (Ref: 113 °C); 'H NMR
(400 MHz, CDCl3), 6 = 10.37 (br. s, 1H, ArNH), 8.54 (dd, J = 8.5, 1.0 Hz, 1H,
ArH), 7.98 (dd, J = 8.5, 1.0 Hz, 1H, ArH), 7.47-7.54 (m, 1H, ArH), 6.93-7.00
(m, 1H, ArH) 4.76 (br. s, 1H, NHCH,), 3.90 (s, 3H, OCH;), 2.91 (d, J = 5.0 Hz,
3H, NHCHj;); '*C NMR (100 MHz, CDCl3), § = 169.2 (C), 155.7 (C), 143.3 (C),
134.6 (CH), 130.7 (CH), 120.6 (CH), 119.4 (CH), 113.6 (C), 52.1 (CH3), 27.2
(CH3); IR (cm™Y), 3,310 (w), 2,946 (w), 1,706 (s), 1,654 (s), 1,560 (s); HRMS: m/z
(CI), calculated for C;oH;3N,05, 209.0926 [M + H]*, found 209.0929 [M + H]*
[14)].

Methyl 2-(3-ethylureido)benzoate (24)

O OMe

H
N NHEt

g

o

81 %; R;0.36 (1:1 EtOAc: PE); mp 125-128 °C; "H NMR (300 MHz, CDCl5),
6 = 10.31 (br. s, 1H, ArNH), 8.53 (dd, J = 8.5, 1.0 Hz, 1H, ArH), 7.96 (dd,
J = 8.5,1.0 Hz, 1H, ArH), 7.44-7.52 (m, 1H, ArH), 6.91-6.98 (m, 1H, ArH) 4.92
(br. s, 1H, NHCH,), 3.88 (s, 3H, OCH3), 3.33 (qd, J = 7.5, 5.5 Hz, 2H, CH,),
1.20 (d, J = 7.5 Hz, 3H, CH,CH3); *C NMR (100 MHz, CDCly), 6 = 169.1 (C),
155.0 (C), 143.3 (C), 134.5 (CH), 130.6 (CH), 120.5 (CH), 119.4 (CH), 113.6 (C),
52.1 (CHy), 35.3 (CHy), 15.1 (CH3); IR (cm™ 1Y), 3,308 (w), 2,967 (w), 2,948 (w),
1,710 (s), 1,648 (s); HRMS: m/z (CI), calculated for C;;H;5N,O5;, 223.1083
[M + HJ]*, found 223.1089 [M + H]".

Methyl 2-(3-benzylureido)benzoate (42)
(0) OMe
H
N NHBn

b

0)
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85 %; R; 0.59 (1:1 EtOAc: PE); mp 139-140 °C; '"H NMR (400 MHz, DMSO-
dg), 6 = 9.86 (br. s, 1H, ArNH), 8.39 (br. d, J = 8.5 Hz, 1H, ArH), 8.05 (br. t,
J = 5.5 Hz, IH, NHCH,), 7.90 (dd, J = 8.5, 1.5 Hz, 1H, ArH), 7.51 (ddd, J = 8.0,
7.0, 1.5 Hz, 1H, ArH), 7.21-7.36 (m, 5H, CH,CgHs), 6.96-7.02 (m, 1H, ArH), 4.30
(d, J = 6.0 Hz, 2H, CH,), 3.85 (s, 3H, OCH5;); '*C NMR (100 MHz, DMSO-dy),
5 = 167.8 (C), 154.7 (C), 142.7 (C), 140.1 (CH), 134.0 (CH), 130.5 (CH), 128.3
(CH), 127.3 (CH), 126.8 (CH), 120.4 (CH), 119.6 (CH), 114.2 (C), 52.2 (CH3), 42.9
(CH,); IR (cm™"), 3,288 (W), 2,968 (W), 2,927 (w), 1,634 (s), 1,593 (s), 1,522 (s);
HRMS: m/z (CI), calculated for C;¢H;7N,O5, 285.1239 [M + HJ*, found 285.1237
M + H]*.

Methyl 2-(3,3-dimethylureido)-4-methylbenzoate (59)

(0] OMe

85 %; Ry 0.53 (1:1 EtOAc: PE); mp 73-74 °C; '"H NMR (400 MHz, CDCl5),
5 = 10.63 (br. s, 1H, NH), 8.43 (br. s, 1H, ArH), 7.87 (d, J = 8.0 Hz, 1H, ArH),
6.77 (dd, J = 8.0, 1.0 Hz, 1H, ArH), 3.88 (s, 3H, OCH3), 3.08 (s, 6H, N(CH;),),
2.36 (s, 3H, ArCH,); '>C NMR (100 MHz, CDCl5), § = 169.3 (C), 155.7 (C), 145.7
(C), 143.5 (C), 130.5 (CH), 121.7 (CH), 119.6 (CH), 111.2 (C), 52.0 (CH3), 36.3
(CH3), 22.1 (CHs); IR (cm™ "), 3,246 (w), 2,953 (w), 1,664 (s), 1,616 (s); HRMS: m/z
(CI), calculated for C;,H;7N,03, 237.1239 [M + HJ", found 237.1231 [M + HJ".

Methyl 2-(3,3-dimethylureido)-3-methoxybenzoate (61)

O OMe

15 %; R 0.33 (1:1 EtOAc: PE); mp 116118 °C; 'H NMR (300 MHz, CDCl3),
6 = 8.00 (br. s, 1H, NH), 7.44 (dd, J = 7.0, 2.5 Hz, 1H, ArH), 7.01-7.12 (m, 2H,
ArH), 3.86 (s, 3H, OCHj), 3.85 (s, 3H, OCH3) 3.05 (s, 6H, N(CHj3),); '°C NMR
(76 MHz, CDCl5), 6 = 169.1 (C), 164.5 (C), 155.6 (C), 145.9 (C), 132.1 (CH),
108.7 (CH), 106.2 (C), 101.9 (CH), 55.3 (CH3), 51.8 (CHj3), 36.3 (CHj3); IR
(em™h), 3,248 (w), 2,950 (w), 1,660 (s), 1,614 (s), 1,590 (s); HRMS: m/z (CI),
calculated for C;,H;7N,0,, 253.2664 [M + H]*, found 253.2668 [M + H] .
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Methyl 2-(3,3-dimethylureido)-4-methoxybenzoate (62)

o OMe

OMe

26 %; Ry 0.44 (1:1 EtOAc: PE); mp 98-99 °C; '"H NMR (300 MHz, CDCly),
0 = 10.88 (br. s, 1H, NH), 8.31 (d, / = 2.5 Hz, 1H, ArH), 7.90 (d, J = 9.0 Hz,
1H, ArH), 6.49 (dd, J = 9.0, 2.5 Hz, 1H, ArH), 3.87 (s, 3H, OCH3), 3.86 (s, 3H,
OCHs;), 3.09 (s, 6H, N(CHs),); >C NMR (100 MHz, CDCls), ¢ = 169.1 (C),
164.5 (C), 155.6 (C), 145.9 (C), 132.1 (CH), 108.7 (CH), 106.2 (C), 101.9 (CH),
55.3 (CH3), 51.8 (CH;), 36.3 (CHs); IR (cm ™), 3,304 (w), 3,261 (w), 2,937 (w),
1,656 (s), 1,615 (s); HRMS: m/z (CI), calculated for C;,H{7N,0,, 253.1188
[M + H]*, found 253.1183 [M + H]".

Methyl 2-(3,3-dimethylureido)-5-(trifluoromethyl)benzoate (64)

O OMe

F;C

5 %; Ry 0.45 (1:1 EtOAc: PE); mp 173-174 °C; 'H NMR (400 MHz, CDCl3),
0 = 10.85 (br. s, 1H, NH), 8.77 (d, J = 9.0 Hz, 1H, ArH), 8.27 (d, J = 2.0 Hz,
1H, ArH), 7.71 (dd, J = 9.0, 2.0 Hz, 1H, ArH), 3.96 (s, 3H, OCH,), 3.11 (s, 6H,
N(CHj3),); >C NMR (75 MHz, CDCly), d = 168.4 (C), 155.1 (C), 146.3 (C),
131.0 (q, J = 3.9, CH), 128.1 (q, J = 4.4 Hz, CH), 122.4 (q, J = 33.5 Hz, O),
119.5 (CH), 113.2 (C), 52.6 (CHs;), 36.4 (CHs), (CF; not observed); IR (cm™"),
3,253 (w), 3,212 (w), 2,955 (w), 1,702 (s), 1,676 (s), 1,604 (s); HRMS: m/z (CI),
calculated for C;,H4N,O3F3, 291.0957 [M + H]", found 291.0954 [M + HJ".

Methyl 4-bromo-2-(3,3-dimethylureido)benzoate (65)

O+~ __OMe
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70 %: Ry 0.56 (1:1 EtOAc: PE); oil; "H NMR (400 MHz, CDCl;), 6 = 10.63
(br. s, 1H, NH), 8.85 (d, J = 2.0 Hz, 1H, ArH), 7.76 (d, J = 8.5 Hz, 1H, ArH),
7.02 (dd, J = 8.5, 2.0 Hz, 1H, ArH), 3.86 (s, 3H, OCH;), 3.03 (s, 6H, N(CHs),);
13C NMR (100 MHz, CDCl;), 6 = 168.6 (C), 154.9 (C), 144.3 (C), 131.6 (CH),
129.5 (C), 123.5 (CH), 121.9 (CH), 112.1 (C), 52.2 (CH3), 36.1 (CH3); IR (cm™ ),
3,079 (w), 1,674 (s), 1,595 (s), 1,581 (s); HRMS: m/z (CI), calculated for
C,;:H,;4N,0}Br, 301.1365 [M + H]*, found 301.1368 [M + H]*.

Methyl 5-bromo-2-(3,3-dimethylureido)benzoate (66)

40 %; Ry 0.26 (1:1 EtOAc: PE); mp 140 °C; '"H NMR (400 MHz, CDCl5),
6 = 10.6 (br. s, 1H, NH), 8.51 (d, J = 9.0 Hz, 1H, ArH), 8.11 (d, J = 2.5 Hz, 1H,
ArH), 7.57 (dd, J = 9.0, 2.5 Hz, 1H, ArH), 3.92 (s, 3H, OCHj;), 3.08 (s, 6H,
N(CH3),); '*C NMR (100 MHz, CDCl3), 6 = 168.2 (C), 153.9 (C), 142.6 (C),
137.2 (CH), 133.0 (CH), 121.2 (CH), 116.0 (C), 112.7 (C), 52.5 (CHs), 36.3
(CH3); IR (em ™), 3,244 (w), 2,953 (w), 1,700 (m), 1,670 (s), 1,592 (s); HRMS: m/
z (CD), calculated for C;;H;4N,O3’Br, 301.1365 [M + HJ", found 301.1363
M + H]*.

Dimethyl 4-(3,3-dimethylureido)isophthalate (68)

OMe

36 %; Ry 0.40 (1:1 EtOAc: PE); mp 137 °C; 'H NMR (400 MHz, CDCls),
8 = 1091 (br. s, 1H, NH), 8.65-8.69 (m, 2H, ArH), 8.1 (dd, J = 9.0, 2.0 Hz, 1H,
ArH), 3.92 (s, 3H, OCHj;), 3.88 (s, 3H, OCHj), 3.08 (s, 6H, N(CHj;),); >°C NMR
(100 MHz, CDCly), 6 = 168.7 (C), 166.0 (C), 154.9 (C), 147.2 (C), 135.3 (CH),
132.8 (CH), 121.9 (C), 118.6 (CH), 113.1 (C), 52.4 (CH3), 52.0 (CH3), 36.3 (CH3);
IR (cm—"), 3,251 (w), 2,952 (w), 1,717 (m), 1,694 (m), 1,672 (s), 1,591 (s), 1,433
(s); HRMS: m/z (CI), calculated for C;3H;7;N,Os, 281.1059 [M + HJ*, found
281.1062 [M + HJ".
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7.3.4 Procedure for the Preparation of Cyclic Imidates

The desired urea (1 mmol, 1 eq), benzoquinone (216 mg, 2 mmol, 2 eq),
Pd(OTs),(MeCN), (52 mg, 10 mol %, 0.1 eq) and p-toluenesulfonic acid mono-
hydrate (190 mg, 1 mmol, 1 eq) were loaded into the reaction vessel containing a
stirring bead. The reaction vessel was then briefly put under vacuum followed by
charging with CO. This procedure was repeated several times to ensure a head-
space flushed with CO (1 atm). DCM (1 mL) was then added and the mixture
stirred at room temperature. The reaction was followed by TLC. Reaction time
was between 2—5 h. On completion the mixture was diluted with DCM and washed
with Na,COs (sat sol.). The DCM layer was extracted and set to one side. The
aqueous layer was then washed with EtOAc (3 x 20 mL) and the organic layer
collected. Both organic fractions were then combined and concentrated in vacuo
onto silica. Purification by column chromatography (PE/EtOAc) afforded the pure
product. (Note these compounds decompose at elevated temperatures and over
time. Care should be taken when removing the solvent and with storage).

2-(Diethylamino)-4H-benzo[d][1, 3]oxazin-4-one (71)
(0]
L
N/)\ NK N

50 %:; R;0.65 (1:1 EtOAc: PE); oil; "H NMR (400 MHz, CDCl), § = 7.98 (m,
1H, ArH), 7.58 (m, 1H, ArH), 7.21 (m, 1H, ArH), 7.08 (m, 1H, ArH), 3.55 (q,
J = 7.0 Hz, 4H, N(CH,CH,),), 1.25 (t, J = 7.0 Hz, 6H, N(CH,CH}),); '*C NMR
(100 MHz, CDCl3), = 160.3 (C), 153.4 (C), 151.4 (C), 136.4 (CH), 128.5 (CH),
124.0 (CH), 122.6 (CH), 112.1 (C), 42.1 (CH,), 13.3 (CH,); IR (cm™ 1), 2,976 (w),
2,935 (w), 1,753 (s), 1,618 (m), 1,588 (5), 1,566 (s); HRMS: m/z (CI), calculated
for C1,H,5N,0,, 219.1134 [M + HJ*, found 219.1127 [M + HJ*.

2-Morpholino-4H-benzo[d][1,3]oxazin-4-one (73)

(¢}

(¢}
N/)\N
¥
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49 %; Ry 0.53 (1:1 EtOAc: PE); mp 156-158 °C (Ref: 157 °C); 'H NMR
(400 MHz, CDCl5), 6 = 8.01 (dd, J = 8.0, 1.5 Hz, 1H, ArH), 7.62 (m, 1H, ArH),
7.24 (br. d, J = 8.0 Hz, 1H, ArH), 7.13-7.19 (m, 1H, ArH), 3.72-3.80 (m, 8H,
N(CH,CH,),0); '*C NMR (100 MHz, CDCl;), 6 = 159.6 (C), 153.2 (C), 150.4
(C), 136.7 (CH), 128.7 (CH), 124.3 (CH), 123.6 (CH), 112.5 (C), 66.3 (CH,), 44.3
(CH,); IR (cm™Y), 2,922 (w), 2,872 (w), 1,764 (s), 1,598 (s), 1,568 (s), 1,474 (s);
HRMS: m/z (CI), calculated for C;,Hi3N,05, 233.0926 [M + H]*, found
233.0930 [M + H]* [15].

2-(Methylamino)-4H-benzo[d][1,3]oxazin-4-one (74)

o

A

N N
H

34 %; Ry 0.38 (1:1 EtOAc: PE); mp 198-200 °C (Ref: 202-203 °C); 'H NMR
(400 MHz, DMSO-dg), 0 = 7.89 (app. q, J = 5.0 Hz, 1H, NH), 7.87 (m, 1H,
ArH), 7.66 (m, 1H, ArH), 7.21 (br. d, J = 8.0 Hz, 1H, ArH), 7.15 (m, 1H, ArH),
2.81 (d, J = 5.0 Hz, 3H, CH3); '*C NMR (100 MHz, DMSO-dy), é = 159.7 (C),
154.8 (C), 151.4 (C), 136.9 (CH), 128.2 (CH), 123.9 (CH), 123.1 (CH), 110.9 (C),
27.7 (CH;); IR (cm™Y), 3,298 (w), 1,739 (s), 1,627 (s), 1,596 (s), 1,473 (s); HRMS:
m/z (CI), calculated for CoHoN,O,, 177.0664 [M + H]*, found 177.0656
[M + HJ" [15].

2-(Ethylamino)-4H-benzo[d][1,3]oxazin-4-one (23)

o

H

R;0.50 (1:1 EtOAc: PE); 177-178 °C (Ref: 169-171 °C); "H NMR (400 MHz,
CDCls), 6 = 8.03 (m, 1H, ArH), 7.64 (m, 1H, ArH), 7.28 (br. d, J = 8.0 Hz, 1H,
ArH), 7.18 (m, 1H, ArH), 4.90 (br. s, 1H, NH), 3.50 (qd, J = 7.5, 7.0 Hz, 2H,
CH,), 1.29 (t, J = 7.0 Hz, 3H, CH;); '*C NMR (75 MHz, DMSO-ds/CDCl5),
6 = 159.4 (C), 153.8 (C), 150.7 (C), 136.0 (CH), 127.8 (CH), 123.6 (CH), 122.3
(CH), 112.4 (C), 35.5 (CH,), 14.0 (CH3); IR (cm™!), 3,297 (s), 2,982 (w), 1,735
(s), 1,627 (s), 1,598 (s), 1,473 (s); HRMS: m/z (CI), calculated for C;oH;{N,O,,
191 [M + HJ]*, found 191 [M + H]* [15].
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2-(tert-Butylamino)-4H-benzo[d][1,3]oxazin-4-one (76)

O3k

85 %; R; 0.70 (1:1 EtOAc: PE); mp 127-128 °C; 'H NMR (400 MHz, CDCl5),
5 = 8.02 (m, 1H, ArH), 7.62 (m, 1H, ArH), 7.27 (br. d, J = 7.5 Hz, 1H, ArH),
7.16 (m, 1H, ArH), 4.82 (br. s, 1H, NH), 1.49 (s, 9H, C(CHs3);; '*C NMR
(100 MHz, CDCls), = 160.2 (C), 152.0 (C), 150.4 (C), 136.5 (CH), 128.6 (CH),
124.5 (CH), 123.5 (CH), 113.3 (C), 51.9 (CH), 28.8 (CH,); IR (cm™ "), 3296 (m),
2973 (w), 1,737 (s), 1,627 (s), 1,605 (s), 1,569 (s), 1,474 (s); HRMS: m/z (CI),
calculated for C;,H;5N,O,, 219.1134 [M + HJ*, found 219.1142 [M + H]".

2-(Dimethylamino)-4H-naphtho[1,2-d][1,3]oxazin-4-one (77)

54 %; Ry 0.48 (1:1 EtOAc: PE); 183-184 °C; 'H NMR (400 MHz, CDCl5),
0 = 8.77 (m, 1H, ArH), 7.90 (d, J = 8.5 Hz, 1H, ArH), 7.81 (m, 1H, ArH), 7.67
(ddd, J = 8.5, 7.0, 1.5 Hz, 1H, ArH), 7.59 (ddd, J = 8.5, 7.0, 1.5 Hz, 1H, ArH),
7.49 (d, J = 8.5 Hz, 1H, ArH), 3.30 (br. s, 6H, N(CH;),); '*C NMR (100 MHz,
CDCly), 6 = 160.4 (C), 155.4 (C), 151.1 (C), 137.5 (C), 129.8 (CH), 128.3 (O),
127.8 (CH), 126.1 (CH), 125.4 (CH), 122.9 (CH), 122.6 (CH), 113.2 (C), 33.2
(CH3); IR (cm™") 3,261 (w), 2,927 (w), 1,733 (s), 1,609 (s), 1,598 (s), 1,564 (s);
HRMS: m/z (CI), calculated for C;4H;3N,0,, 241.0977 [M + H]*, found
241.0973 [M + H]*.

7.3.5 Use of Pd(OAc),

Same as Sect. 7.3.3 except Pd(OAc), (11 mg, 5 mol %) used instead of palladium
ditosylate bisacetonitrile and the amount of tosic acid monohydrate raised to
1 mmol (190 mg).
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Pd(OAc), (5 mol%)

BQ (2 eq)
H TsOH (1 eq) O OMe
N_ _NR, H R = Me; Yield =75%
g N
©/ o CO (1 atm) \ﬂ/ R =Et; Yield=53%
MeOH/THF (1:1) o
it, 4-6 hrs

7.3.6 Use of PdCl,

The desired urea (1 mmol, 1 eq), benzoquinone (324 mg, 3 mmol, 3 eq) and
palladium dichloride (17 mg, 10 mol %, 0.1 eq) were loaded into a reaction vessel
equipped with a stirring bead. Methanol (1 mL) was then added and the mixture
stirred at room temperature. The reaction vessel was then briefly put under vacuum
followed by charging with CO. This procedure was repeated several times to
ensure a headspace flushed with 1 atm CO. The reaction was then heated to 60 °C.
Reaction progress was monitored by TLC. On completion (4—6 h), the reaction
mixture was concentrated in vacuo, the residue dissolved in DCM and washed with
HCI (1 M). The organic layer was then washed with water, dried over MgSOy,
filtered and concentrated in vacuo. Purification by flash chromatography (10-40 %
EtOAC/PE afforded the pure products. (Note The main purpose of this workup is to
remove hydroquinone, if the product is easily separable from hydroquinone by
column chromatography then the reaction mixture can be loaded directly onto the
silica column).

PdCl, (10 mol%)
BQ (3 eq)

H
N\H/NRR' > E NRR'
©/ 0 CO (1 atm) \ﬂ/

OMe

MeOH/THF (1:1) 0
60 °C, 4-6 hrs
R R’ Yield (%)
Me Me 60
Me H 50
Et H 69

(continued)
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(continued)

R R’ Yield (%)
iPr H 60

Bu H 80

7.3.7 Procedure for the Preparation of Quinazolinediones

Procedure 1: 2-step cyclisation

Ortho-esterification of the desired aryl is performed (as Sect. 7.3.3). The pure,
isolated ester (1 mmol) and K,CO3 (268 mg, 2 mmol, 2 eq) are loaded into a
reaction vessel equipped with a stirring bead. THF (1 mL) is added and the
reaction is heated to 60 °C. Consumption of the ester is followed by TLC. On
completion (~2 h), the reaction mixture was concentrated in vacuo, the residue
dissolved in DCM and washed with HCI (1 M). The organic layer was then
washed with water, dried over MgSOy,, filtered and concentrated in vacuo. Puri-
fication by column chromatography (10—40 % EtOAc/PE) afforded the pure
products.

Procedure 2: In situ formation

The desired urea (1 mmol, 1 eq), benzoquinone (216 mg, 2 mmol, 2 eq), palla-
dium ditosylate bisacetonitrile (26 mg, 5 mol %, 0.05 eq) and -p-toluenesulfonic
acid monohydrate (95 mg, 0.5 mmol, 0.5 eq) were loaded into a reaction vessel
equipped with a stirring bead. THF (0.5 mL) and the methanol (0.5 mL) were then
added and the mixture stirred at room temperature. The reaction vessel was then
briefly put under vacuum followed by charging with CO. This procedure was
repeated several times to ensure a headspace flushed with 1 atm. CO. Reaction
progress was monitored by TLC. Once the reaction was complete (~2-5 h),
K,CO; (268 mg, 2 mmol, 2 eq) was added and the reaction temperature raised to
60 °C. Consumption of the ester product was followed by TLC. On completion
(~2 h), the reaction mixture was concentrated in vacuo, the residue dissolved in
DCM and washed with HCI (1 M). The organic layer was then washed with water,
dried over MgSQ,, filtered and concentrated in vacuo. Purification by column
chromatography (10-40 % EtOAc/PE) afforded the pure products.

3-Methylquinazoline-2,4(1H,3H)-dione (78)

0]

N/

X
H
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Procedure 1 (87 %) or 2 (57 %): Rs 0.14 (1:1 EtOAc: PE); mp 234-236 °C
(Ref: 248-250 °C); 'H NMR (400 MHz, DMSO-dg), 6 = 11.42 (br. s, 1H, NH),
7.92 (dd, J = 8.0, 1.0 Hz, 1H, ArH), 7.61-7.67 (m, 1H, ArH), 7.15-7.22 (m, 2H,
ArH), 3.25 (s, 3H, CH;); '*C NMR (100 MHz, DMSO-dy), é = 162.1 (C), 150.3
(©), 139.3 (C), 134.8 (CH), 127.2 (CH), 122.4 (CH), 115.0 (CH), 113.7 (C), 27.0
(CH3); IR (cm™Y), 3,312 (w), 2,932 (w), 1,698 (s), 1,646 (s), 1,592 (s), 1,541 (s);
HRMS: m/z (CI), calculated for CoHoN,O,, 177.0664 [M + H]*, found 177.0662
[M + HI" [16].

3-Ethylquinazoline-2,4(1H,3H)-dione (22)

O

NN
N No
H

Procedure 1 (75 %) or 2 (70 %): Ry 0.34 (1:1 EtOAc: PE); mp 196-198 °C
(Ref: 194-196 °C); '"H NMR (400 MHz, DMSO-d), 6 = 11.4 (br. s, 1H, NH),
7.93 (ddd, J = 8.0, 1.5, 0.5 Hz, 1H, ArH), 7.65 (ddd, J = 8.0, 7.0, 1.5 Hz, 1H,
ArH), 7.14-7.23 (m, 2H, ArH), 3.92 (q, J =7.0 Hz, 2H, CH,), 1.14 (t,
J = 7.0 Hz, 3H, CH;); >*C NMR (100 MHz, DMSO-dg), 6 = 161.7 (C), 150.0
(0), 139.4 (C), 135.0 (CH), 127.3 (CH), 122.5 (CH), 115.1 (CH), 113.8 (C), 35.1
(CH,), 13.0 (CH3); IR (cm™ 1Y), 3,049 (w), 2,976 (w), 2,935 (w), 1,709 (s), 1,651
(s), 1,622 (s), 1,493 (s), 1,448 (s), 1,448 (s), 1,275 (s); HRMS: m/z (CI), calculated
for C;oH;1N,O,, 191.0821 [M + H]", found 191.0824[M + H]* [17].

3-Isopropylquinazoline-2,4(1H,3H)-dione (79)

ses

Procedure 1 (70 %): Ry 0.47 (1:1 EtOAc: PE); mp 183-184 °C (Ref: 188 °C);
'"H NMR (400 MHz, DMSO- dg), 6 = 11.28 (br. s, 1H NH), 7.84 (dd, J = 7.5,
1.5 Hz, 1H, ArH), 7.56-7.64 (m, 1H, ArH), 7.10-7.19 (m, 2H, ArH), 5.14 (sept,
J = 7.0 Hz, 1H, CH), 1.42 (d, J = 7.0 Hz, 6H, 2(CH3)); '*C NMR (100 MHz,
DMSO-dg), 06 = 162.3 (C), 150.2 (C), 139.5 (C), 134.8 (CH), 127.4 (CH), 122.3
(CH), 114.8 (CH), 1142 (C), 44.4 (CH), 19.3 (CH;); IR (cm™"), 3,195 (w);
HRMS: m/z (CI), calculated for C;{H;3N,0,, 205.0977 [M + H]*, found
205.0976 [M + H]* [18].
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3-(tert-Butyl)quinazoline-2,4(1H,3H)-dione (80)

sy

Procedure 1 (75 %): Ry 0.51 (1:1 EtOAc: PE); mp 168-169 °C; '"H NMR
(400 MHz, CDCls), 6 = 10.14 (br. s, 1H, NH), 7.94 (br. d, / = 8.0 Hz, 1H, ArH),
7.47 (ddd, J = 8.0, 7.5, 1.5 Hz, 1H, ArH), 7.09 (ddd, J = 8.0, 7.5, 1.5 Hz, 1H,
ArH), 6.93 (dd, J = 8.0, 1.5 Hz, 1H, ArH), 1.73 (s, 9H, C(CH3);); '*C NMR
(100 MHz, DMSO-dg), 6 = 164.3 (C), 153.2 (C), 138.1 (C), 134.3 (CH), 128.1
(CH), 122.8 (CH), 117.0 (CH), 114.0 (C), 62.1 (C), 30.0 (CH;); IR (cm™ "), 3,123
(w), 1709 (s), 1,651 (s), 1,620 (s), 1,490 (s); HRMS: m/z (CI), calculated for
C1,H5N,0,, 219.1134 [M + H]", found 219.1139 [M + H]*".

3-Benzylquinazoline-2,4(1H,3H)-dione (81)

0
dLNAPh

N No

H

Procedure 1 (92 %) or 2 (80 %): R¢ 0.40 (1:1 EtOAc: PE); mp 219-221 °C
(Ref: 227 °C); "H NMR (400 MHz, DMSO- dg), 6 = 11.54 (br. s, 1H, NH), 7.94
(dd, J = 8.0, 1.0 Hz, 1H, ArH), 7.65-7.70 (m, 1H, ArH), 7.19-7.32 (m, 7H, ArH),
5.09 (s, 2H, CH,); >C NMR (100 MHz, CDCl;), 6 = 162.0 (C), 150.2 (C), 139.5
(0), 137.4 (C), 136.6 (C), 135.1 (CH), 128.3 (CH), 127.5 (CH), 127.1 (CH), 122.6
(CH), 115.2 (CH), 113.7 (CH), 43.2 (CH,); IR (cm™ ), 3,346 (w), 2,903 (w), 1,710
(s), 1,648 (s), 1,491 (s); HRMS: m/z (CI), calculated for C;sH;3N,0,, 253.0977
[M + H]*, found 253.0983 [M + HJ* [18].

7.3.8 Procedure for the Preparation of Methyl 2-aminobenzoate

Methyl 2-(3,3-diisopropylureido)benzoate (168 mg, 0.6 mmol) was refluxed in
water (15 mL) for 18 h. Consumption of starting material was followed by TLC.
Once reaction was complete, the mixture was cooled to room temperature,
extracted into DCM and concentrated in vacuo. The residue was suspended in
chloroform and filtered, the filtrite was collected as a white solid (80 %).
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Methyl 2-aminobenzoate (82)
NH,

SN

0]

All data consistent with commercially available methyl anthranilite (CAS
134-20-3).

7.3.9 Procedure for the Preparation of 2-Aminobenzoic Acid

Methyl 2-(3,3-diisopropylureido)benzoate (168 mg, 0.6 mmol) was refluxed in
NaOH (1 M, 15 mL) for 18 h. Consumption of starting material was followed by
TLC. The reaction was cooled, acidified with HCI1 (Conc.) to pH 2 and concen-
trated in vacuo to a white solid. EtOAc (100 mL) was added and the suspension
sonicated, water (5 mL) was then added, followed by further sonication. The
organic layer was then collected and concentrated in vacuo to a mustard coloured
solid (90 %).

2-Aminobenzoic acid (83)
NH,
OH

0)

All data consistent with commercially available anthranilic acid (CAS 118-92-3)

7.4 Urea Hydrolysis
7.4.1 Preparation of Ureas

The preparation of non-commercial ureas was performed using the appropriate
isocyanate and amine as detailed in Sect. 7.3.1. Non-commercial amines were
synthesised by a modification of the procedure by Schmitt [19] Alkyl bromide
(1 mmol, 1 eq) was mixed with fert-butylamine (314 mL, 3 mmol, 3 eq) at 0 °C.
The reaction was allowed to warm to room temperature over S h and allowed to
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stir for a further 18 h. 10 M NaOH (500 mL) was added to the reaction and the
amine layer separated. Purification via distillation yielded the title amine (55—
91 %).

1-tert-Butyl-1-isopropyl-3-phenylurea” (84)

X
SR a:

55 %; R 0.72 (1:1 EtOAc: PE); oil; 'H NMR (400 MHz, CDCl3), 6 = 7.22—
7.35 (m, 4H, ArH), 6.93-6.99 (app. t, / = 7.0 Hz, 1H, ArH), 6.46 (br. s, 1H, NH),
3.70 (sept, J = 7.0 Hz, 1H, NCH), 1.36 (s, 9H, C(CH3);), 1.33 (d, J = 7.0 Hz,
6H, 2(CH3)); '>°C NMR (100.6 MHz, CDCls), § = 158.0 (C), 138.9 (C), 128.9
(CH), 122.6 (CH), 118.9 (CH), 56.3 (C), 46.4 (CH), 28.7 (CH3), 23.5 (CHy); IR
(em™") 3,291 (w), 2,970 (w), 1,641 (s), 1,594 (s); HRMS: m/z (CI), calculated for
C14H»3N0, 235.1810 [M + HJ", found 235.1807 [M + H]".

*Care required when handling and storing, sensitive to moisture and prolonged
exposure to the atmosphere.

1-tert-Butyl-1-ethyl-3-phenylurea (87)
a [
K

(1
69 %; R; 0.68 (1:1 EtOAc: PE); mp 75-77 °C; "H NMR (400 MHz, CDCl5),
0 = 7.23-7.35 (m, 4H, ArH), 6.97-7.00 (app. t, J = 7.0 Hz, 1H, ArH), 6.33 (br.
s, 1H, NH), 3.39 (q, / = 7.0 Hz, 2H, CH,), 1.48 (s, 9H, C(CHs);), 1.28 (t,
J = 7.0 Hz, 3H, CH,CH3); *C NMR (100 MHz, CDCl3), § = 156.0 (C), 139.4
(C), 129.0 (CH), 122.8 (CH), 120.0 (CH), 56.4 (C), 39.5 (CH,), 29.4 (CH,), 16.9
(CH3); IR (cm™"), 3,326 (w), 2,972 (w), 1,634 (s), 1,593 (s), 1,534 (s); HRMS: m/

z (CI), calculated for C;3H,;N,O, 221.1654 [M 4+ H]*, found 221.1647
(M + HJ".

1-tert-Butyl-1-methyl-3-phenylurea (88)
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45 %; Ry 0.60 (1:1 EtOAc: PE); mp 111-112 °C (Ref: 127-128 °C); '"H NMR
(400 MHz, CDCls), 6 = 7.23-7.32 (m, 4H, ArH), 6.96-7.06 (m, 1H, ArH), 6.19
(br. s, 1H, NH), 2.96 (s, 3H, NCH}), 1.44 (s, 9H, C(CH3);); '*C NMR (100 MHz,
CDCly), 6 = 156.7 (C), 139.4 (C), 128.8 (CH), 122.8 (CH), 119.7 (CH), 55.9 (C),
32.5 (CH3), 28.6 (CH3); IR (cm™") 3,233 (w), 2,960 (w), 1,643 (s), 1,595 (s), 1,533
(s); HRMS: m/z (CI), calculated for C,,H;sN,O, 207.1494 [M + H]", found
207.1497 M + H]* [20].

H
K
S
28 %; R¢ 0.71 (1:1 EtOAc: PE); mp 63-64 °C; 'H NMR (400 MHz, CDCls),
8 = 7.21-7.33 (m, 4H, ArH), 6.94-6.99 (app. t, J = 6.5 Hz, 1H, ArH), 6.45 (br. s,
1H, NH), 3.17-3.23 (m, 2H, NCH,), 1.58-1.71 (app. sext, J = 7.5 Hz, 2H,
CH,CHs), 1.45 (s, 9H, C(CH;);), 0.95 (t, J = 7.5 Hz, 3H, CH,CH3); '*C NMR
(100 MHz, CDCl3), & = 156.2 (C), 139.4 (C), 128.8 (CH), 122.6 (CH), 119.9
(CH), 56.3 (C), 47.3 (CH,), 29.4 (CH;) 24.9 (CH,), 11.4 (CH;); IR (cm™ '), 3,273

(w), 2,967 (w), 1,631 (s), 1,594 (s), 1,535 (s); HRMS: m/z (CI), calculated for
C4H»3N,0, 235.1810 [M + H]*, found 235.1813 [M + H]".

1-tert-Butyl-3-phenyl-1-propylurea (89)

3-Benzyl-1,1-diisopropylurea (90)
g
Y
(0]

84 %: R; 0.49 (1:1 EtOAc: PE); mp 81-83 °C; '"H NMR (400 MHz, CDCls),
6 = 7.24 (m, 5H, ArH), 4.44 (m, 2H, CH,), 3.89 (sept, J = 6.5 Hz, 2H, 2CH),
124 (d, J = 6.5 Hz, 12H, 4(CHz)): '*C NMR (100 MHz, CDCls), 6 = 157.0 (C),
139.8 (C), 128.5 (CH), 127.5 (CH), 127.0 (CH), 45.1 (CH), 44.7 (CH,), 21.4
(CH3); IR (em™Y) 3,328 (w), 2,965 (w), 1,616 (s), 1,530 (s); HRMS: m/z (CD),
calculated for C;4H»3N,0, 235.1810 [M + H]", found 235.1812 [M + H]".
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3-tert-Butyl-1,1-diisopropylurea (91)

X
Y

63 %; Ry 0.58 (1:1 EtOAc: PE); oil; "H NMR (400 MHz, CDCly), 6 = 4.14 (br.
s, 1H, NH), 3.89-3.99 (sept, J = 7.0 Hz, 2H, 2CH), 1.37 (s, 9H, C(CHs)3), 1.22
(d, J = 7.0 Hz, 12H, 4(CH3)); '3C NMR (100 MHz, CDCl;), § = 50.6 (C), 44.3
(CH), 29.7 (CH3), 21.5 (CH3), (Note Carbonyl (C) is not observed); IR (cmfl)
3,374 (w), 2,964 (w), 1,637 (s), 1,508 (s); HRMS: m/z (CI), calculated for
C,;H,sN,0, 201.2000 [M + H]*, found 201.1922 [M + HJ*.

1,3-Di-tert-butyl-1-isopropylurea (94)

e
YK

41 %; R;0.79 (1:1 EtOAc: PE); oil; "H NMR (400 MHz, CDCls), 8 = 4.55 (br.
s, 1H, NH), 3.55 (sept, J = 7.0 Hz, 1H, CH), 1.33 (s, 9H, NHC(CHs)s), 1.28 (s,
9H, NC(CHs)s), 1.24 (d, J = 7.0 Hz, 6H, CH(CHs),); '3C NMR (100 MHz,
CDCly), 6 = 160.0 (C), 55.3 (C), 50.2 (C), 45.5 (CH), 29.2 (CHs), 28.7 (CHz),
23.6 (CH3); IR (Cm_l) 3,462 (w), 2,966 (w), 1,667 (s), 1,493 (s); HRMS: m/z (CI),
calculated for C;,H,7N,0, 215.2123 [M + H]", found 215.2129 [M + H]™.

3-(4-Bromophenyl)-1-tert-butyl-1-ethylurea (98)

57 %;R;0.69 (1:1 EtOAc: PE); oil; '"HNMR (400 MHz, Toluene-dg), 6 = 7.17—
7.19 (m, 2H, ArH), 7.07-7.09 (m, 2H, ArH), 5.81 (br. s, 1H, NH), 2.78 (q,
J = 7.5 Hz, 2H, CH,), 1.34 (s, 9H, C(CH;)5), 0.80 (t, J = 7.5 Hz, 3H, CH,CH5);
13C NMR (100 MHz, Toluene-dg), 6 = 155.3 (C), 139.6 (C), 131.8 (CH), 121.1
(CH), 114.8 (C), 56.3 (C), 39.3 (CH,), 29.3 (CH3), 16.8 (CH3); HRMS: m/z (CI),
calculated for C;3H30BrN,0, 299.0759 [M + HJ", found 299.0762 [M + H]".
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7.4.2 Preparation of Unreactive Analogues

Phenyl diisopropylcarbamate (95)

(1

Phenol (0.94 g, 10 mmol, 1 eq) and diisopropyl carbamoyl chloride (1.63 g,
10 mmol, 1 eq) were heated in pyridine (10 mL) at 100 °C. After 18 h the reaction
mixture was allowed to cool, extracted into diethyl ether, washed twice with HCI1
(1 M) and then twice with NaOH (1 M). The organic layer was dried (MgSO,),
filtered and concentrated in vacuo to a colourless oil. 1.92 g (87 %). Ry 0.31(1:1
EtOAc: PE); '"H NMR (500 MHz, Toluene-ds, 75 °C), 6 = 7.05-7.11 (m, 4H,
ArH), 6.89-6.91 (app. t, J = 7.0 Hz, 1H, ArH), 3.82 (app. qu, J = 6.5 Hz, 2H,
2CH), 1.13-1.14 (d, J = 6.5 Hz, 12H, 4(CH3)); >*C NMR (100 MHz, CDCl5),
0 = 153.8 (C), 151.3 (C), 129.1 (CH), 124.8 (CH), 121.7 (CH), 46.8 (CH), 21.5
(CH3). Note Variable temperature NMR studies required to resolve rotameric
effects. Further data agrees with that presented in the literature [21].

1, 1-Diisopropyl-2-phenylacetamide (96)

X
YT

A solution of phenylacetyl chloride (1.32 mL, 10 mmol, 1 eq) and diisopro-
pylamine (2.80 mL, 20 mmol, 2 eq) in dry DCM (20 mL) was stirred at room
temperature. After 1 h the reaction mixture was washed with HC1 (1 M) and then
water. The organic layer was dried with MgSQ,, filtered and concentrated in vacuo
to a white solid. 2.03 g (93 %). All data consistent with that presented in the
literature [22].

1,1-Diisopropyl-3-methyl-3-phenylurea (97)

QAIINT
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Methyl aniline (2.16 mL, 20 mmol, 2 eq), diisopropyl carbamoyl chloride
(1.63 g, 10 mmol, 1 eq) were dissolved in THF (15 mL). The reaction was heated
to reflux for 18 h and then allowed to cool, upon which white crystals precipitated.
The mixture was filtered under vacuum and the filtrate purifed via column chro-
matography (5 % EtOAc in PE) to yield a colourless oil. 1.47 g (63 %). R¢ 0.67
(1:1 EtOAc: PE); oil; 'H NMR (400 MHz, CDCl;), 6 = 7.27-7.33 (m, 2H, ArH),
7.04-7.12 (m, 3H, ArH), 3.61 (app. qu, J = 6.5 Hz, 2H, 2CH), 3.05 (s, 3H,
NCH;), 1.07 (d, J = 6.5 Hz, 12H, 4(CH3)); *C NMR (100 MHz, CDCls),
0 = 161.5 (C), 148.3 (C), 129.3 (CH), 124.5 (CH), 118.8 (CH), 47.5 (CH3), 40.1
(CH,), 20.6 (CH3); IR (cm™ "), 2,965 (w), 1,646 (s), 1,596 (s), 1,494 (s); HRMS: m/
7 (CD), calculated for C;4H»3N,0, 235.1810 [M + H]*, found 235.1800 [M + H]*.

7.4.3 Procedure for the Methanolysis of Hindered Tri-Substituted
Ureas

The desired urea (0.33 mmol) was dissolved in methanol (1 mL) and then heated
to the stated temperature. Aliquots were taken periodically (solvent and amine
removed in vacuo) and the reaction followed by 'H NMR until complete. Upon
completion all volatiles were removed under vacuum. The residue was weighed
then dissolved in CDCl; with yield/purity determined by 'H NMR.

Methyl N-phenylcarbamate (85)

'"H NMR (400 MHz, CDClsy), 6 = 7.29-7.42 (m, 4H, ArH), 7.07 (app. t,
7.5 Hz, 1H, ArH), 6.83 (br. s, 1H, NH), 3.79 (s, 3H, OCH;); '*C NMR (100 MHz,
CDCl), 6 = 154.1 (C), 137.8 (C), 129.0 (CH), 123.4 (CH), 118.7 (CH), 52.3
(CH3). Further data agrees with that presented in the literature [23].

7.4.4 Procedure for Isocyanate Crossover Experiment

0
g H H 20 _c”?
H C

T -.C =
[} [Dg]-Toluene T N N* N
+ Y + .
+ -0
c? 350°C ©/ O Rr/©/ O ©/ H‘_/©/
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[Dg]-toluene (0.8 ml) was distilled from 3 A molecular sieves before immediate
addition to a sample vial containing 87 (10 mg, 0.045 mmol, 1 eq). To this was
added p-bromophenyl isocyanate (9 mg, 0.045 mmol, 1 eq) and the mixture
transferred to an NMR tube. The sample was run on a 500 MHz Varian spec-
trometer set at 35 °C and spectra recorded at regular intervals.

7.4.5 Partitioning of In Situ Generated N-Phenylisocyanate
by Meoh, Etoh and Nproh
H
N (NG
Y
O

I];ll 1( Toluene, 35 °C N//C//O ﬁYO\/
©/ bl j< ROH ©/ 0
(6]
\ N_ o
~ N\
Y

Reaction from phenyl isocyanate. Methanol (100 pL, 2.5 mmol, 1 eq), ethanol
(145 pL, 2.5 mmol, 1 eq) and n-propanol (187 pL, 2.5 mmol, 1 eq) were dis-
solved in toluene (1.6 mL) and heated to 35 °C with vigorous stirring. To this was
added a solution of phenyl isocyanate (27 pL, 0.25 mmol, 0.1 eq) dissolved in
toluene (1 mL) dropwise (over 1 min) into the centre of the vortex of the alcoholic
solvent mixture. After 10 min the volatiles were removed under vacuum. The
residue was dissolved in CDCl; and the ratios of carbamates analysed by '"H NMR.

Reaction from urea derivative 87. Methanol (130 pL, 3 mmol, 1 eq), ethanol
(190 pL, 3 mmol, 1 eq) and n-propanol (246 pL, 3 mmol, 1 eq) were dissolved in
toluene (2.4 mL) and heated to 35 °C. To this was added urea 87 (66 mg,
0.3 mmol, 0.1 eq). The reaction was stirred at this temperature for 18 h after
which all volatiles were removed under vacuum. The residue was dissolved in
CDCl; and analysed by 'H NMR as above.

7.4.6 Kinetics of the Methanolysis of Hindered Tri-Substituted
Ureas

H ( H
N\H/N MeOH - N\n/o\ . Hl\I]/
o Toluene, 35 °C 0 j<
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General procedure for kinetic experiments: Methanolysis were run in sealed
“reduced volume” Radley’s tubes in an isoelectric water bath maintained at 35 °C.
Urea 87 (73 mg, 0.33 mmol, 1 eq) was weighed into the tube and allowed to reach
temperature in the water bath over 5 min. Separately, the required amount of
anhydrous methanol was measured into a 3 mL volumetric flask via a Hamilton
gastight syringe. Anhydrous toluene was then added to dilute the methanol to a
total volume of 3 mL. This solution was then placed in the water bath and allowed
to reach temperature (5 min) before being added to the tube charged with 87. The
urea dissolved rapidly (less than 5 s). 50 uL. volume samples were removed at
regular intervals via gastight syringe, rapidly transferred to a sample vial, cooled in
ice, and the volatiles removed under vacuum. The residue was dissolved in CDCl;
and the ratio of 87/85 analysed by 'H NMR. A control experiment in which 87/85
were dissolved in N-ethyl N-fert-butylamine confirmed the inertness of 85 towards
regeneration of 87 (Fig. 7.1).

Entry Initial [MeOH] (M) Pseudo first order rate constant (s~ ')
A 0.11 1.38E-05
B 0.28 2.15E-05
C 0.19 2.34E-05
D 0.55 2.81E-05
E 1.11 3.77E-05
F 2.22 4.18E-05
G 15.99 5.14E-05
H 16.52 8.22E-05
1 16.52 6.63E-05

General procedure for kinetic experiments with added amine: As for general
kinetic procedures but with addition of N-ethyl N-fert-butylamine once the solvent
was added to the urea. Samples were taken at regular intervals and analysed as
detailed above.

A consolidated plot of In(A(0)/A(t)) versus time (s) at [MeOH] = 1.11 M with
various amounts of added N-tert-butyl, N-ethylamine where A = [87] (Fig. 7.2).

Entry Initial [Amine] (M) Pseudo first order rate constant (sfl)
A 0.28 2.85E-05
B 0.83 3.69E-05
C 0.56 3.63E-05
D 0.0 3.77E-05




126 7 Experimental

1.6 -
1.4 ]
1.2 4 G
.
z 1
S F
a E
i 0.8 -
c D
= 06 .
. . /
0.4 = =
A’H A
0.2
=
o =
0 5000 10000 15000 20000 25000 30000

Time (s)

Fig. 7.1 Consolidated plot of In(A(0)/A(t)) versus time (s) at various concentrations of MeOH
(A =[87])
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Fig. 7.2 A consolidated plot of In(A(0)/A(t)) versus time (s) at [MeOH] = 1.11 M with various
amounts of added N-tert-butyl, N-ethylamine (A = [87])

7.4.7 Procedure for the Preparation of Carbamate Derivatives

1-tert-butyl-1-ethyl-3-phenylurea (87) (1 mmol) was suspended in toluene (1 mL).
The appropriate amount of nucleophile was then added and the mixture heated to
the desired temperature. Aliquots were taken periodically (solvent and amine
removed in vacuo) and the reaction followed by "H NMR until complete. For those
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reactions not going to completion, the reaction was concentrated in vacuo and
purified via column chromatography (10-50 % EtOAc in PE).

Methyl N-benzylcarbamate (92)

'"H NMR (400 MHz, CDCl5), 6 = 7.24-7.36 (m, 5H, ArH), 5.09 (br. s, 1H,
NH), 4.36 (d, J = 6.0 Hz, 2H, CH,), 3.69 (s, 3H, OCH3); '>C NMR (100 MHz,
CDCl3), 6 = 157.1 (C), 138.5 (C), 128.6 (CH), 127.4 (CH), 118.3 (CH), 52.7
(CH3), 45.0 (CH,). Further data agrees with that presented in the literature [24].

Methyl N-tert-butylcarbamate (93)

"H NMR (400 MHz, CDCl3), § = 4.74 (br. s, 1H, NH), 3.64 (s, 3H, CH3), 1.34
(s, 9H, C(CH3);); *C NMR (100 MHz, CDCly), 6 = 155.5 (C), 51.2 (C), 28.9
(CH3), 25.5 (CHj3). Further data agrees with that presented in the literature [25].

1,3-Diphenylurea (86)
H H
N\[]/N
T

All data consistent with commercially available 1,3-diphenylurea (CAS: 3112-
85-4).

Ethyl phenylcarbamate (99)

All data consistent with commercially available ethyl phenylcarbamate (CAS:
101-99-5).
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Propyl phenylcarbamate (100)

All data consistent with that in the literature [26].
1,3-Diphenylcarbamate (102)

H
N\H/O
SRR®
'H NMR (400 MHz, CDCl;), § = 7.08-7.38 (m, 9H, ArH), 7.00 (app. t,
J =75Hz, 1H, ArH), 6.96 (br. s, 1H, NH); °C NMR (100 MHz, CDCl,),
5 = 151.8 (C), 150.5 (C), 137.3 (C), 129.4 (CH), 129.1 (CH), 125.7 (CH), 123.8
(CH), 121.6 (CH), 118.7 (CH). IR (cm™") 3,312 (m), 1,711 (s), 1,597 (m), 1,530

(s); LRMS: C;3H{NO,, m/z (CI), 94.1 (93 %), 120.1 (31 %), 214.0 (100 %)
[M + H]*. Further data agrees with that presented in the literature [27].

1,3-Diphenylcarbamothioate (103)

H
N\H/S
SRS
'"H NMR (400 MHz, CDCl3), é = 7.21-7.63 (m, 9H, ArH), 7.09 (app. t,
J = 7.5 Hz, 1H, ArH); '3C NMR (100 MHz, CDCl5), 6 = 179.8 (C), 137.5 (C),
135.5 (C), 129.9 (CH), 129.4 (CH), 129.0 (CH), 128.0 (CH), 127.8 (CH), 124.6
(CH); IR (cm™ ") 3,250 (m), 1,659 (m), 1,596 (m), 1,532 (s); LRMS: C;5H,;NOS,

m/z (CD), 91.1 (13 %), 111.0 (94 %) 120.1 (100 %), 230.1 (77 %) [M + H]*.
Further data agrees with that presented in the literature [9].

N-Boc-aniline (104)

All data consistent with commercially available N-Boc-aniline (CAS: 3422-01-3)
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(9H-Fluoren-9-yl)methyl phenylcarbamate (105)

'"H NMR (400 MHz, DMSO-d¢), 6 =9.70 (br. s, 1H, NH), 7.90 (d,
J = 7.5 Hz, 2H, ArH), 7.75 (d, J = 7.5 Hz, 2H, ArH), 7.23-7.45 (m, 8H, ArH>)
6.98 (app. t, J = 7.5 Hz, 1H, ArH), 448 (d, J = 6.5 Hz, 2H, CH,), 4.30 (t,
J = 6.5 Hz, 1H, CH); "*C NMR (100 MHz, DMSO-dj), § = 153.6 (C), 143.9 (C),
141.0 (C), 139.1 (C), 129.1 (C), 128.9 (CH), 127.5 (CH), 127.3 (CH), 125.3 (CH),
122.7 (CH), 121.5 (CH), 120.3 (CH), 120.2 (CH), 118.5 (CH), 114.1 (C), 65.7
(CH,), 47.8 (CH). Further data agrees with that presented in the literature [28].

Benzyl N-phenylcarbamate (106)

'"H NMR (400 MHz, CDCly), 6 = 7.28-7.42 (m, 9H, ArH), 7.09 (app. t,
J=17.5Hz, 1H, ArH), 6.81 (br. s, 1H, NH), 522 (s, 2H, CH,); '*C NMR
(100 MHz, CDCly), 6 = 153.3 (C), 137.7 (C), 136.0 (C), 129.0 (CH), 128.6 (CH),
128.3 (CH), 125.6 (CH), 123.5 (CH), 118.7 (CH), 66.9 (CH,). Further data agrees
with that presented in the literature [26].

7.5 Amide Hydrolysis
7.5.1 Procedure for the Preparation of Diphenylacetamides

A solution of diphenylacetyl chloride [29] (1.15 g, 5 mmol, 1 eq) in anhydrous
DCM (20 mL) was cooled in an ice bath for 15 min. To this was added trieth-
ylamine (525 mg, 5.2 mmol, 1.04 eq) dropwise upon which the solution became
bright yellow. The appropriate amine (10 mmol, 2 eq) was then added dropwise
and the reaction allowed to warm to room temperature and stir overnight. The
reaction was then quenched with 1 M HCI (20 mL) and the organic layer subse-
quently washed with water (50 mL) and then brine (50 mL), dried with MgSO,
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and then concentrated in vacuo. The resulting residue was then purified via column
chromatography to yield the desired amide.

N-(tert-Butyl)-N-isopropyl-2,2-diphenylacetamide (109)

(0]
Phw)J\ J<
N
Ph

5 %; R 0.61 (1:1 EtOAc: PE); oil; 'H NMR (400 MHz, CDCly), 6 = 7.39—
7.45 (m, 10H, ArH), 5.25 (s, 1H, CHCO), 4.09 (br. s, 1H, CH(CH5),), 1.46 (s, 9H,
C(CH;)3), 1.41 (d, J = 7.0 Hz, 6H, CH(CH;),); '*C NMR (100 MHz, CDCl,),
6 =174.3 (C), 141.0 (C), 129.0 (CH), 128.2 (CH), 126.5 (CH), 58.8 (C), 58.0
(CH), 47.0 (CH) 29.6 (CH3), 24.2 (CH3); IR (cm™") 2,975 (w), 1,635 (s), 1,433
(m), 1,333 (m); HRMS: m/z (CI), calculated for C,;H,sNO, 310.2164 [M + H]",
found 310.2171 [M + HJ*.

N,N-Diisopropyl-2,2-diphenylacetamide (110)

0]
Ph J\
A
Ph

97 %; R; 0.59 (1:1 EtOAc: PE); oil; 'H NMR (400 MHz, CDCl5), 6 = 7.14—
7.25 (m, 10H, ArH), 5.05 (s, IH, CHCO), 4.02 (sept, J = 6.5 Hz, 1H, CH(CH,),),
3.32 (br. s, 1H, CH(CH;),), 1.36 (d, J = 6.5 Hz, 6H, CH(CH;),), 0.91 (d,
J = 6.5 Hz, 6H, CH(CH}),); '>*C NMR (100 MHz, CDCls), 6 = 170.2 (C), 140.2
(C), 129.1 (CH), 128.4 (CH), 126.7 (CH), 56.4 (CH), 46.1 (CH), 21.1 (CH3), 20.5
(CH3); IR (cm™") 2,971 (w) 1,637 (s), 1,434 (m), 1,330 (m); HRMS: m/z (CD),
calculated for C,oH,gNO, 296.2023 [M + HJ", found 296.1014 [M + H]".

7.5.2 Procedure for the Preparation of Hindered Amides

To a solution/suspension of the appropriate carboxylic acid (3 mmol, 1 eq) in
anhydrous DCM (20 mL) was added 2-chloro-1-methylpyridinium iodide (Mu-
kiyama’s reagent) (1.15 g, 4.5 mmol, 1.5 eq). The resulting suspension was stirred
under an inert atmosphere for 15 min at which time the desired amine (9 mmol,
3 eq) was added dropwise. The reaction was allowed to stir for 1 h at room
temperature before being quenched with 1 M HCI (20 mL). The organic layer was
subsequently washed with water (50 mL) and then brine (50 mL), dried with
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MgSO, and then concentrated in vacuo. The resulting residue was then purified via
column chromatography to yield the desired amide.

N-(tert-Butyl)-N-isopropyl-2-phenylacetamide (107)

m L
A

49 %; R; 0.63 (1:1 EtOAc: PE); oil; 'H NMR (400 MHz, CDCl5), § = 7.25—
7.39 (m, 5H, ArH), 4.10 (sept, J/ = 7.0 Hz, 1H, CH), 3.77 (s, 2H, CH,CO), 1.52
(s, 9H, C(CH5);), 1.44 (d, J = 7.0 Hz, 6H, CH(CHj;),); '>*C NMR (100 MHz,
CDCly), 0 = 173.4 (C), 136.8 (C), 128.3 (CH), 128.4 (CH), 126.3 (CH), 58.6 (C),
46.0 (CH), 45.1 (CH,), 29.6 (CH3), 23.6 (CH5); IR (cm™") 2,968 (w) 1,634 (s),
1,200 (m); HRMS: m/z (CI), calculated for C;sH,4NO, 234.1858 [M + H]*, found
234.1850 [M + H]*.

2-Cyano-N,N-diisopropylacetamide (113)

L
PN

99 %; Ry 0.51 (1:1 EtOAc: PE); mp 53-54 °C (Ref: 50-51 °C); '"H NMR
(400 MHz, CDCl3), 6 = 3.79 (sept, J = 6.5 Hz, 1H, CH), 3.49 (sept, J = 6.5 Hz,
1H, CH), 3.45 (s, 2H, CH,CO), 1.38 (d, J = 6.5 Hz, 6H, CH(CHs),), 1.25 (d,
J = 6.5 Hz, 6H, CH(CH}3),); >*C NMR (100 MHz, CDCl), 6 = 159.9 (C), 114.4
(C), 50.2 (CH), 46.7 (CH), 27.0 (CH,), 20.7 (CH3), 20.2 (CH;); IR (cm™ ') 2,973
(w), 2,251 (w), 1,638 (s), 1,445 (m), 1,345 (s); HRMS: m/z (CI), calculated for
CoH7N,0, 169.1341 [M + H]*, found 169.1336 [M + H]J* [30].

N-(tert-Butyl)-2-cyano-N-ethylacetamide (114)
N O
sk
NK

96 %:; R; 0.52 (1:1 EtOAc: PE); oil; "H NMR (400 MHz, CDCl5), § = 3.53 (s,
2H, CH,CO), 3.34 (q, J = 7.0 Hz, 2H, NCH,CH3), 1.46 (s, 9H, C(CHs)3), 1.24 (t,
J = 7.0 Hz, 3H, NCH,CH;); '>C NMR (100 MHz, CDCl;), § = 161.9 (C), 114.7
(C), 58.1 (C), 40.2 (CH,), 28.4 (CH5), 27.4 (CH,) 16.6 (CH); IR (cm™") 2,970
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(w), 2,930 (w), 2,258 (w), 1,648 (s); HRMS: m/z (CI), calculated for CoH{7N,O,
169.1346 [M + H]", found 169.1341 [M + H]".

N-(tert-Butyl)-2-cyano-N-isopropylacetamide (111)

Nk
PN

98 %; R 0.55 (1:1 EtOAc: PE); oil; '"H NMR (400 MHz, CDCly), 6 = 3.97
(sept, J = 7.0 Hz, 1H, CH), 3.52 (s, 2H, CH,CO), 1.45 (s, 9H, C(CHs)3), 1.39 (d,
J = 7.0 Hz, 6H, NCH(CHj3),); >°C NMR (100 MHz, CDCls), 6 = 163.1 (C),
115.0 (C), 59.7 (C), 46.9 (CH), 29.3 (CH,), 28.9 (CH;), 23.1 (CH3); IR (cm™!)
2,972 (w), 2,257 (w), 1,642 (s), 1,334 (m); HRMS: m/z (CI), calculated for
C,0HoN,0, 183.1497 [M + H]*, found 183.1504 [M + HJ*.

3-0x0-3-(2,2,6,6-tetramethylpiperidin-1-yl)propanenitrile (115)

N\\\)J\N

30 %; R; 0.70 (1:1 EtOAc: PE); mp 65 °C; 'H NMR (400 MHz, CDCl5),
8 = 3.50 (s, 2H, CH,CO), 1.74 (m, 6H, (CH,)3), 1.45 (s, 12H, 4(CHz)); '*C NMR
(100 MHz, CDCly), § = 164.7 (C), 115.3 (C), 56.8 (C), 36.4 (CH,), 30.3 (CH,),
29.8 (CH3), 14.1 (CH,); IR (cm™) 2,978 (w), 2,915 (w), 2,244 (w), 1,633 (s),
1,466 (m); HRMS: m/z (CI), calculated for C;,H, N,O, 209.1654 [M + HJ*,
found 209.1646 [M + HJ".

Diethyl (2-(diisopropylamino)-2-oxoethyl)phosphonate (117)
EtO 9 o
P J\
EtO \)L)N\

78 %: Ry 0.16 (1:1 EtOAc: PE); oil; 'H NMR (400 MHz, DMSO-dy),
8 = 3.97-4.10 (m, 5H, CH(CH3), & P(OCH,CH,),), 3.44 (br. sept, J = 6.5 Hz,
1H, CH(CH,),), 3.06 (d, J = 22.0 Hz, 2H, CH,CO), 1.28 (d, J = 6.5 Hz, 6H,
CH(CH;),), 1.22 (t, J = 7.0 Hz, 6H, P(OCH,CH;),), 1.13 (d, J = 6.5 Hz, 6H,
CH(CH3),); >C NMR (100 MHz, DMSO-dy), d = 163.0 (d, J = 5.4 Hz, C), 61.5
(d, J = 6.0 Hz, CH,), 49.7 (CH), 45.0 (CH), 34.6 (d, J = 130.5 Hz, CH,), 20.4



7.5 Amide Hydrolysis 133

(CH3) 20.3 (CH3), 16.1 (d, J = 6.0 Hz, CH3); IR (cm™") 3,475 (w), 2,969 (w),
1,636 (m), 1,444 (w), 1,335 (m), 1,250 (m), 1,110 (s); HRMS: m/z (CI), calculated
for C,H»7N,04P, 280.1678 [M + H]™, found 280.1686 [M + H]".

Diethyl (2-(zert-butyl(ethyl)amino)-2-oxoethyl)phosphonate (118)

E@utk

89 %; R; 0.16 (1:1 EtOAc: PE); oil; "H NMR (400 MHz, DMSO-d;), & = 4.00
(qd, J = 8.0, 7.0 Hz, 4H, P(OCH,CHs),), 3.41 (q, J = 7.0 Hz, 2H, NCH,CHj),
3.03 (d, J = 22.0 Hz, 2H, CH,CO), 1.37 (s, 9H, C(CH3),), 1.22 (t, J = 7.0 Hz,
6H, P(OCH,CHj),), 1.11 (t, J = 7.0 Hz, 3H, NCH,CH3); >°C NMR (100 MHz,
DMSO-dg), § = 164.9 (d, J = 4.5 Hz, C), 61.5 (d, J = 6.0 Hz, CH,), 56.7 (C),
39.5 (CH,), 35.2 (d, J = 133.0 Hz, CH,), 28.5 (CH;3), 16.8 (CH;), 16.2 (d,
J = 6.0 Hz, CH;); IR (cm™") 3,469 (w), 2,978 (w), 2,930 (w), 1,640 (s), 1,392
(m), 1,248 (m); HRMS: m/z (CI), calculated for C;,H,7sNO,P, 280.1668
[M + H]*, found 280.1678 [M + H]*.

Diethyl (2-(tert-butyl(isopropyl)amino)-2-oxoethyl)phosphonate (119)
sog Ik

68 %; R 0.18 (1:1 EtOAc: PE); oil; '"H NMR (400 MHz, DMSO-dg), § = 4.02
(qd, J = 8.0, 7.0 Hz, 4H, P(OCH,CHj3),), 4.00 (br. s, 1H, CH(CH3),), 3.05 (d,
J = 22.0 Hz, 2H, CH,CO), 1.37 (s, 9H, C(CH3)3), 1.30 (d, J = 7.0 Hz, 6H,
CH(CHs),), 1.22 (t, J = 7.0 Hz, 6H, P(OCH,CH;),): '*C NMR (100 MHz,
CDCly), & = 166.7 (d, J = 5.5 Hz, ), 62.1 (d, J = 7.0 Hz, CH,), 58.9 (C), 46.9
(CH), 38.0 (d, J = 137.5 Hz, CH,), 29.3 (CH3), 23.4 (CH3), 16.2 (d, J = 6.0 Hz,
CH,); IR (cm™") 3,446 (w), 2,976 (w), 1,637 (s); HRMS: m/z (CI), calculated for
C13HxNO,4P, 294.1834 [M + H]*, found 294.1830 [M + HJ*.

Diethyl (2-ox0-2-(2,2,6,6-tetramethylpiperidin-1-yl)ethyl)phosphonate (120)

EtO_ |
Et0” \);é
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21 %; Ry 0.52 (1:1 MeCN:DCM); oil; 'H NMR (400 MHz, CDCly), § = 4.15—
4.23 (m, 4H, (OCH,CHs),), 3.11 (d, J = 22.0 Hz, 2H, CH,CO), 1.73-1.76 (m,
6H, (CH,)3), 1.46 (s, 12H, 4(CH3)), 1.33 (t, J = 7.0 Hz, 6H, (OCH,CHj;),); °C
NMR (100 MHz, CDCls), 6 = 168.5 (d, J = 6.0 Hz, C), 62.2 (d, J = 6.0 Hz,
CH,), 56.2 (C), 39.7 (d, J = 136.0 Hz, CH,), 36.3 (CH,), 30.0 (CH), 16.4 (d,
J = 6.0 Hz, CH;), 14.3 (CH,); IR (cm™') 3,479 (w), 2,974 (w), 1,634 (s), 1,367
(m), 1,344 (m), 1,252 (m), 1,022 (s), 960 (m); HRMS: m/z (CI), calculated for
C,5H5;NO,4P, 320.1991 [M + H]", found 320.1985 [M + H]".

tert-Butyl 3-(diisopropylamino)-3-oxopropanoate (122)

LA
A

93 %; R;0.45 (3:7 EtOAc: PE); oil; "HNMR (400 MHz, CDCl5), & = 3.82 (sept,
J = 7.0 Hz, 1H, CH(CH;),), 3.41-3.54 (br. m, 1H, CH(CHs;),), 3.32 (s, 2H,
CH,CO), 1.48 (s, 9H, C(CH;)3), 1.41 (d, J = 7.0 Hz, 6H, CH(CH3),), 1.21 (d,
J = 7.0 Hz, 6H, CH(CH}),); >*C NMR (100 MHz, CDCl;), d = 167.2 (C), 164.9
(C),81.5 (C), 49.7 (CH), 45.8 (CH), 44.7 (CH,), 28.0 (CH3), 20.7 (CH3), 20.3 (CH3);
IR (cm™1) 2,970 (w), 2,933 (w), 1,729 (s), 1,640 (s), 1,443 (m), 1,339 (m), 1,146 (s);
HRMS: m/z (CI), calculated for C3H,6NO3, 244.1913 [M + H]*, found 244.1922
M + HJ".

tert-Butyl 3-(tert-butyl(ethyl)amino)-3-oxopropanoate (123)

S k

89 %; R;0.51 (3:7 EtOAc: PE); oil; '"H NMR (400 MHz, CDCls), 6 = 3.34 (s,
2H, CH,CO), 3.33 (q,/ = 7.0 Hz, 2H, NCH,CH3), 1.48 (s, 9H, OC(CH3)3), 1.46 (s,
9H, NC(CH;)3), 1.19(t,J = 7.0 Hz, 3H, NCH,CHj;); '*C NMR (100 MHz, CDCl5),
0 = 167.5 (C), 166.8 (C). 81.5 (C), 57.3 (C) 45.0 (CH,), 40.2 (CH,), 28.9 (CHy),
28.0 (CH3), 17.1 (CH3); IR (cm™") 2,975 (w), 1,731 (s), 1,646 (s), 1,395 (m); HRMS:
m/z (CI), calculated for C;3H;NO;, 244.1913 [M + HJ*, found 244.1904
[M + HJ".

tert-Butyl 3-(tert-butyl(isopropyl)amino)-3-oxopropanoate (124)

LI K
A
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56 %;R;0.58 (3:7 EtOAc: PE); oil; '"HNMR (400 MHz, CDCl3), 6 = 3.96 (sept,
J = 7.0 Hz, 1H, CH(CHs),), 3.38 (s, 2H, CH,CO), 1.48 (s, 9H, OC(CH3)3), 1.47 (s,
9H, NC(CHs)3), 1.38 (d, J = 7.0 Hz, 6H, CH(CH3),); '*C NMR (100 MHz,
CDCly), 6 = 168.1 (C), 167.5 (C), 81.1 (C), 58.7 (C), 46.7 (CH,), 46.5 (CH), 29.5
(CH3),27.9 (CH3), 23.2 (CH3); IR (cm™ 1) 2,975 (w), 1,733 (s), 1,639 (s), 1,367 (m),
1,146 (s); HRMS: m/z (CI), calculated for C,4H,sNO5, 258.2069 [M + H]*, found
258.2071 [M + HJ*.

tert-Butyl 3-0x0-3-(2,2,6,6-tetramethylpiperidin-1-yl)propanoate (125)

ﬂuﬁ

15 %; R; 0.62 (1:1 EtOAc: PE); oil; 'H NMR (400 MHz, CDCl), § = 3.39 (s,
2H, CH,CO), 1.75-1.79 (m, 6H, (CH,)3), 1.47 (s, 21H, C(CH5); & 4(CHz)); °C
NMR (100 MHz, CDCl3), 6 = 169.8 (C), 167.4 (C), 81.0 (C), 56.1 (C), 48.3
(CH,), 36.8 (CH,), 29.9 (CHs), 28.0 (CHs), 14.5 (CH,); IR (cm™ ") 2,973 (w),
1,736 (s), 1,636 (s), 1,368 (m), 1,257 (m), 1,143 (s); HRMS: m/z (ESI), calculated
for C,¢HNO3Na, 306.2040 [M + Nal*, found 306.2045 [M + Na]*.

N,N-Diisopropyl-2-(phenylsulfonyl)acetamide (127)

o O
"h(;,s”%Nk
PN

97 %; R¢ 0.38 (1:1 EtOAc: PE); mp 144-146 °C (Ref: 144-145 °C); 'H NMR
(400 MHz, CDCl3), 6 = 7.91-7.93 (m, 2H, ArH), 7.64-7.70 (m, 1H, ArH), 7.53—
7.59 (m, 2H, ArH), 4.21 (s, 2H, CH,CO), 4.17-4.25 (m, 1H, CH(CHs),), 3.48
(sept, J = 6.5 Hz, 1H, CH(CH3),); 1.31 (d, J = 6.5 Hz, 6H, CH(CH3),), 1.27 (d,
J = 6.5 Hz, 6H, CH(CH3),); >°C NMR (100 MHz, CDCl;), 6 = 159.8 (C), 138.8
(C), 134.1 (CH), 129.0 (CH), 128.5 (CH), 61.7 (CH,), 50.9 (CH), 46.5 (CH), 20.8
(CH3), 20.0 (CH3); IR (cm™") 2,935 (w), 1,635 (s), 1,449 (m), 1,307 (s), 1,156 (s),
1,141 (s); HRMS: m/z (CI), calculated for C;4H,,NO5S, 284.1314 [M + H]",
found 284.1320 [M + H]* [31].

N-(tert-Butyl)-N-ethyl-2-(phenylsulfonyl)acetamide (128)

&N
N
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98 %; R 0.40 (1:1 EtOAc: PE); mp 108-110 °C; "H NMR (400 MHz, CDCl5),
0 = 7.88-7.94 (m, 2H, ArH), 7.65 (app. tt, J = 7.5, 2.0 Hz, 1H, ArH), 7.51-7.58
(m, 2H, ArH), 4.21 (s, 2H, CH,CO), 3.54 (q, J/ = 7.0 Hz, 2H, NCH,CH3), 1.38 (s,
9H, C(CHs)3), 1.18 (t, J = 7.0 Hz, 3H, NCH,CH;); '>)C NMR (100 MHz,
CDCly), 6 = 161.5 (C), 138.8 (C), 133.9 (CH), 128.9 (CH), 128.6 (CH), 62.1
(CH,), 58.1 (C), 40.4 (CH,), 28.5 (CH3), 17.0 (CH3); IR (cm™ ) 2,972 (w), 1,640
(s), 1,306 (s), 1,151 (s), 1,079 (s); HRMS: m/z (CI), calculated for C;4H,,NO5S,
284.1320 [M + HJ*, found 284.1311 [M + HJ*.

N-(tert-Butyl)-N-isopropyl-2-(phenylsulfonyl)acetamide (129)

o O
Ph(;/s//\)J\NJ<
A

96 %; Ry 0.44 (1:1 EtOAc: PE); mp 88-90 °C; '"H NMR (400 MHz, CDCly),
0 = 7.93-7.95 (m, 2H, ArH), 7.65 (app. tt, J = 7.5, 2.0 Hz, 1H, ArH), 7.53-7.57
(m, 2H, ArH), 4.25 (s, 2H, CH,CO), 4.00 (br. s, 1H, CH(CHs),), 1.40 (s, 9H,
C(CH3)3), 1.39 (d, J = 7.5 Hz, 6H, CH(CH}3),); '*C NMR (100 MHz, CDCl5),
6 = 163.3 (C), 139.6 (C), 133.6 (CH), 128.7 (CH), 128.7 (CH), 63.8 (CH,), 59.4
(C), 48.6 (CH), 29.1 (CH3), 23.7 (CH3); IR (cm™ ") 2,959 (w), 1,641 (s), 1,446 (m),
1,305 (s), 1,290 (m), 1,155 (s), 1,084 (m); HRMS: m/z (CI), calculated for
C,5H,4NO;S, 298.1477 [M + H]", found 298.1488 [M + H]".

2-(Phenylsulfonyl)-1-(2,2,6,6-tetramethylpiperidin-1-yl)ethanone (130)

o O
Ph 7
0’/5%

39 %; R 0.50 (1:1 EtOAc: PE); mp 133-134 °C; '"H NMR (400 MHz, CDCly),
0 = 7.89-7.94 (m, 2H, ArH), 7.61 (app. tt, J = 7.5, 2.5 Hz, 1H, ArH), 7.49-7.55
(m, 2H, ArH), 4.27 (s, 2H, CH,CO), 1.72 (s, 6H, (CH,)3), 1.40 (s, 12H, 4(CHs));
13C NMR (100 MHz, CDCl3), § = 164.5 (C), 139.7 (C), 133.4 (CH), 128.7 (CH),
128.6 (CH), 64.9 (CH,), 56.4 (C), 35.8 (CH,), 29.7 (CH3), 14.0 (CH,); IR (cm™ ")
2,954 (w), 1,638 (s), 1,370 (m), 1,304 (s), 1,154 (s); HRMS: m/z (CI), calculated
for C;7H6NO5S, 324.1633 [M + H]", found 324.1646 [M + H].
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2-(Phenylsulfonyl)-1-(2,2,6,6-tetramethylpiperidin-1-yl)propan-1-one (131)

0)

0O
Ph_ 7

NaH (60 % in mineral oil) (40 mg, 1 mmol, 1 eq) was suspended in anhydrous
THF (5 mL) cooled in an ice bath. To this was added 2-(phenylsulfonyl)-1-
(2,2,6,6-tetramethylpiperidin-1-yl)ethanone (323 mg, 1 mmol, 1 eq). After stirring
at 0 °C for 1 h, methyl iodide (62 pL, 1 mmol, 1 eq) was added dropwise and the
reaction was allowed warm to room temperature and stir overnight. The reaction
was carefully quenched with sequential addition of EtOAc (25 mL), ethanol
(5 mL) then water (20 mL). The organic fractions were combined, dried over
MgSO, and concentrated in vacuo. The residue was purified via column chro-
matography (1:4 EtOAc: PE) to yield the title compound as a clear oil (71 mg,
21 %). Ry 0.57 (1:1 EtOAc: PE); oil; 'H NMR (400 MHz, CDCls, 50 °C),
0 = 7.86-7.91 (m, 2H, ArH), 7.62-7.68 (m, 1H, ArH), 7.51-7.57 (m, 2H, ArH),
441 (q, J = 6.5 Hz, 1H, CHCO), 2.02-2.10 (m, 2H, CH,), 1.75-1.82 (m, 2H,
CH,), 1.57 (br. s, 6H, C(CHs3),), 1.56-1.64 (m, 2H, CH,), 1.51 (br. s, 6H,
C(CHs),), 1.47 (d, J = 6.5 Hz, 3H, CHCH3); '*C NMR (100 MHz, CDCls,
50 °C), 6 = 169.3 (C), 137.0 (C), 133.6 (CH), 130.5 (CH), 128.4 (CH), 68.4 (CH),
56.6 (C), 36.3 (CH,), 32.4 (CH3), 28.0 (CH3) 14.2 (CH,), 14.2 (CH3); IR (cm™ )
2,941 (w), 1,634 (m), 1,446 (w), 1,376 (m), 1,298 (m), 1,130 (m); HRMS: m/z
(CI), calculated for C;sH,sNO5S, 338.1790 [M + H]*, found 338.1787 [M + H]".

N-(tert-Butyl)-3,3,3-trifluoro-N-isopropylpropanamide (133)

FstJ\NJ\
BS

55 %; R 0.25 (1:9 Et,0: PE); oil; "H NMR (400 MHz, CDCl5), & = 3.94 (sept,
J = 7.0 Hz, 1H, CH(CH3),), 3.18 (q, J = 10.0 Hz, 2H, CH,CO), 1.42 (s, 9H,
C(CH3)4), 1.35 (d, J = 7.0 Hz, 6H, CH(CHj3),); '>*C NMR (100 MHz, CDCl5),
5 =1654 (C), 1242 (q, J = 276.5 Hz, CF3), 59.3 (C), 46.3 (CH), 423 (q,
J = 28.0 Hz, CH,), 29.3 (CH3), 22.4 (CH3); '°F NMR (376 MHz, CDCl3), 6 = —
65.6; IR (cm™") 2,974 (w), 1,651 (s), 1,361 (s), 1,272 (m), 1,114 (m); HRMS: m/z
(CI), calculated for C;oH;oNOF;, 226.1419 [M + H]*, found 226.1425 [M + H]*
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3,3,3-Trifluoro-1-(2,2,6,6-tetramethylpiperidin-1-yl)propan-1-one (134)

11 %; R¢ 0.30 (1:9 Et,0: PE); oil; '"H NMR (400 MHz, CDCl3), 6 = 3.23 (q,
J = 10.0 Hz, 2H, CH,CO), 1.74-1.78 (m, 6H, (CH,)5), 1.45 (s, 12H, 4(CH5)); '*C
NMR (100 MHz, CDCl3), 6 = 166.9 (C), 124.4 (q, J = 278.0 Hz, CF;), 56.4 (C),
43.8 (q, J = 27.5 Hz, CH,), 36.3 (CH-»), 29.8 (CH;), 14.2 (CH,); "F NMR
(376 MHz, CDCly), = —61.9; IR (cm™") 1,637 (s), 1,389 (s), 1,233 (m), 1,118
(m); HRMS: m/z (CI), calculated for C,,H,;NOF;, 252.1575 [M + H]", found
252.1886 [M + HJ".

2,2,2-Trifluoro-1-(2,2,6,6-tetramethylpiperidin-1-yl)ethanone (135)

(¢}

R

F:C7 N

70 %; R; 0.81 (1:1 EtOAc: PE); mp 57-58 °C (Ref: 45-47 °C); 'H NMR
(400 MHz, CDCl3), 6 = 1.77-1.79 (m, 6H, (CH,)s), 1.47 (s, 12H, 4(CHy)); "*C
NMR (100 MHz, CDCly), 6= 1623 (q, J=37.0Hz, C), 1162 (q,
J = 289.0 Hz, CH), 58.6 (C), 35.7 (CH,), 28.9 (CH;), 14.1 (CH,); '°F NMR
(376 MHz, CDCls), 6 = —68.2; IR (cm™") 2,979 (w), 1,673 (s), 147.2 (w), 1,222
(m), 1,127 (m), 1,177 (m), 1,146 (m), 1,029 (m); HRMS: m/z (ESI), calculated for
C;1H,sF5NO, 236.13 [M-H]*, found 236.10 [M-H]* [32].

2,2,3,3,3-Pentafluoro-1-(2,2,6,6-tetramethylpiperidin-1-yl)propan-1-one (136)

O

F;C
3%%

F F

20 %; Ry 0.22 (1:1 MeCN:DCM); mp 150-160 °C; 'H NMR (400 MHz,
CDCly), & = 1.66-1.67 (m, 6H, (CH,);), 1.50 (s, 12H, 4(CH3)); *C NMR
(100 MHz, CDCl3), 6 = 161.5 (t, J = 24.5 Hz, C), 118.9 (tq, J = 285.5, 35.0 Hz,
CF5), 107.7 (qt, J = 285.5, 35.0 Hz, CF,), 56.2 (C), 34.4 (CH,), 27.1 (CH3), 16.4
(CH,); "F NMR (376 MHz, CDCl;), 6 = —82.7, —120.5; IR (cm™ ") 2,943 (w),
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1,682 (s), 1,203 (m), 1,156 (m), 1,026 (m); LRMS: C,H,gFsNO, m/z (CI), 126.1
(100 %), 142.2 (68 %) 165.0 (32 %) 288 (6 %) [M + H]".

2-(Methylthio)-1-(2,2,6,6-tetramethylpiperidin-1-yl)ethanone (137)

/S\)J\N

34 %:; Ry 0.20 (1:4 Et,O: PE); oil; 'H NMR (400 MHz, CDCl3), 6 = 3.31 (s,
2H, CH,CO), 2.24 (s, 3H, SCH;), 1.72 (s, 6H, (CH,)3), 1.42 (s, 12H, 4(CH3)); °C
NMR (100 MHz, CDCls), 6 = 174.0 (C), 55.8 (C), 41.0 (CH,), 36.3 (CH,), 29.9
(CH3), 16.7 (CH3), 14.3 (CH,); IR (cm™ ") 2,944 (w), 1,632 (s), 1,464 (m), 1,365
(m), 1,338 (m); HRMS: m/z (CI), calculated for C,,H,4NOS, 230.1579 [M + H]",
found 230.1590 [M + HJ*.

2,2-Dichloro-1-(2,2,6,6-tetramethylpiperidin-1-yl)ethanone (138)

0]

CI%
N

Cl

13 %; Ry 0.42 (1:4 Et,O: PE); mp 83 °C; '"H NMR (400 MHz, CDCl5),
d = 6.34 (s, 1H, CHCO), 1.80 (s, 6H, (CH,);), 1.47 (s, 12H, 4(CH3)); "*C NMR
(100 MHz, CDCl3), § = 168.1 (C), 67.9 (CH), 56.5 (C), 35.4 (CH,), 29.7 (CHj),
14.0 (CH,); IR (cm™!) 2,952 (w), 1,654 (s), 1,472 (w), 1,372 (m), 1,348 (m);
HRMS: m/z (CI), calculated for C;;H,,NOCl,, 252.0922 [M + H]J*, found
252.0918 [M + HJ™.

2,2-Difluoro-1-(2,2,6,6-tetramethylpiperidin-1-yl)ethanone (139)

r

F

17 %; R; 0.44 (1:4 Et,0: PE); oil; '"H NMR (400 MHz, CDCl;), 6 = 6.19 (t,
J = 54.5 Hz, 1H, CHCO), 1.77 (s, 6H, (CH,)3), 1.46 (s, 12H, 4(CH3)); '*C NMR
(100 MHz, CDCl3), 6 = 166.5 (t, J = 26.5 Hz, C), 106.4 (t, J = 243.5 Hz, CH),
56.7 (C), 35.8 (CH,), 29.8 (CHs), 14.0 (CH,); "F NMR (376 MHz, CDCls),
6= —121.6, —121.8; IR (cm™ ") 2,949 (w), 1,666 (s), 1,309 (m), 1,127 (m);



140 7 Experimental

HRMS: m/z (CI), calculated for C;;HyoNOF,, 220.1513 [M + H]*, found
220.1511 [M + H]™.

2-Phenyl-1-(2,2,6,6-tetramethylpiperidin-1-yl)ethanone (140)
DL
N

18 %; R; 0.20 (1:4 Et,O: PE); oil; "H NMR (400 MHz, CDCl5), § = 7.19-7.34
(m, 5H, ArH), 3.73 (s, 2H, CH,CO), 1.79 (s, 6H, (CH,)3), 1.46 (s, 12H, 4(CH5));
13C NMR (100 MHz, CDCl;), é = 175.3 (C), 137.1 (C), 129.1 (CH), 128.2 (CH),
126.2 (CH), 55.8 (C), 46.3 (CH,), 36.5 (CH,), 30.1 (CH3), 14.4 (CH,); IR (cm™!)
2,944 (w), 1,634 (s), 1,454 (w), 1,367 (m); HRMS: m/z (CI), calculated for
C17H,6NO, 260.2014 [M + H]*, found 260.2025 [M + H]".

2-(4-Nitrophenyl)-1-(2,2,6,6-tetramethylpiperidin-1-yl)ethanone (141)
O 2N\©\/ﬁ\
N

22 %; Ry 0.25 (1:1 Et,O: PE); mp 68-70 °C; '"H NMR (400 MHz, CDCl3),
0 = 8.13 (dd, J = 9.0, 2.0 Hz, 2H, ArH), 7.46 (dd, J = 9.0, 2.0 Hz, 2H, ArH),
3.81 (s, 2H, CH,CO), 1.77-1.79 (m, 6H, (CH,)3), 1.46 (s, 12H, 4(CHs)); "*C
NMR (100 MHz, CDCl5), 06 = 173.5 (C), 146.6 (C), 144.7 (C), 130.0 (CH), 123.3
(CH), 56.1 (C), 46.0 (CH,), 36.4 (CH,), 30.1 (CH3) 14.3 (CH,); IR (cm™") 2,970
(w), 1,626 (s), 1,608 (m), 1,518 (s), 1,368 (m), 1,337 (s), 727 (s); HRMS: m/z (CD),
calculated for C;7H,5N»03, 306.1943 [M + H]*, found 306.1923 [M + HJ*.

2-(3,5-Bis(trifluoromethyl)phenyl)-1-(2,2,6,6-tetramethylpiperidin-1-yl)etha-
none (143)

CF;
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33 %; Ry 0.40 (1:1 EtOAc: PE); mp 94 °C; '"H NMR (400 MHz, CDCl,),
0 =177 (s, 2H, ArH), 7.75 (s, H, ArH), 3.84 (s, 2H, CH,CO), 1.81 (s, 6H,
(CH,)3), 1.49 (s, 12H, 4(CH3)); >C NMR (100 MHz, CDCl3), § = 173.4 (O),
139.5 (O), 1314 (q, J =33.0Hz, C), 129.5 (CH), 1294 (CH), 1234 (q,
J = 273.5 Hz, CF;), 120.5 (sept, J = 4.0 Hz, CH) 56.3 (C), 45.8 (CH,), 36.5
(CH,), 30.2 (CH3), 14.4 (CH,); IR (cm™ ) 2,953 (w), 1,629 (m), 1,371 (m), 1,274
(s); HRMS: m/z (CI), calculated for C;oH,4NOF,, 396.1762 [M + H]*, found
396.1,760 [M + HJ".

2-(4-(Methylsulfonyl)phenyl)-1-(2,2,6,6-tetramethylpiperidin-1-yl)ethanone
(144)

43 %; Ry 0.30 (100 % Et,0); mp 135-136 °C; '"H NMR (400 MHz, CDCl5),
6 =7.87 (dd, J = 8.5, 2.0 Hz, 2H, ArH), 7.50 (dd, J = 8.5, 2.0 Hz, 2H, ArH),
3.81 (s, 2H, CH,CO), 3.03 (s, 3H, SO,CHj;), 1.80 (s, 6H, (CH,)3), 1.48 (s, 12H,
4(CH5)); *C NMR (100 MHz, CDCly), 6 = 173.8 (C), 143.6 (C), 138.5 (C),
130.2 (CH), 127.6 (CH), 56.2 (C), 46.1 (CH,), 44.5 (CH3), 36.5 (CH,), 30.2 (CH3),
14.3 (CH,); IR (cm™ 1) 2,929 (w), 1,736 (w), 1,625 (s), 1,370 (m), 1,348 (m), 1,287
(s), 1,141 (s), 1,090 (m); HRMS: m/z (CI), calculated for C,3H,gNO5S, 338.1790
[M + HJ*, found 338.1796 [M + H]".

4-(2-0x0-2-(2,2,6,6-tetramethylpiperidin-1-yl)ethyl)benzonitrile (145)
NC
TR
N

14 %; R; 0.35 (1:1 Et,0: PE); mp 93-94 °C; '"H NMR (400 MHz, CDCl5),
5 =7.60 (dd, J = 8.5, 2.0 Hz, 2H, ArH), 7.43 (dd, J = 8.5, 2.0 Hz, 2H, ArH),
3.78 (s, 2H, CH,CO), 1.80 (s, 6H, (CH,);), 1.48 (s, 12H, 4(CH3)); *C NMR
(100 MHz, CDCl3), & = 173.7 (C), 142.6 (C), 132.0 (CH), 130.0 (CH), 119.0 (C),
110.3 (C), 56.1 (C), 46.3 (CH,), 36.4 (CH,), 30.2 (CH3) 14.3 (CH,); IR (cm™")
2,935 (w), 2,230, (m), 1,737 (w), 1,624 (s), 1,345 (m), 1,132 (m); HRMS: m/z (CI),
calculated for C,sH,sN»O, 285.1967 [M + H]*, found 285.1964 [M + H]".
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2-(3-Nitrophenyl)-1-(2,2,6,6-tetramethylpiperidin-1-yl)ethanone (146)

Q\)C)J\
O,N N

2

25 %; Ry 0.31 (1:1 Et,0: PE); mp 80-81 °C; '"H NMR (400 MHz, CDCl3),
0 = 8.14-8.16 (m, 1H, ArH), 8.08-8.11 (m, 1H, ArH), 7.69 (app. d, J = 6.5 Hz,
1H, ArH), 7.48 (app. t, J = 8.0 Hz, 1H, ArH), 3.83 (s, 2H, CH,CO), 1.79-1.81
(m, 6H, (CH,)3), 1.50 (s, 12H, 4(CH3)); *C NMR (100 MHz, CDCl;), § = 173.8
(C), 148.1 (C), 139.1 (C), 135.7 (CH), 129.1 (CH), 124.1 (CH), 121.6 (CH), 56.2
(C), 45.8 (CH,), 36.5 (CH,), 30.2 (CH;), 14.6 (CH,); IR (cm™") 2,964 (w), 1,624
(s), 1,611 (m), 1,526 (s), 1,346 (s), 1,157 (m), 734 (s); HRMS: m/z (CI), calculated
for C;7H,5N,03, 305.1865 [M + H]", found 305.1877[M + H]*.

2-(2-Nitrophenyl)-1-(2,2,6,6-tetramethylpiperidin-1-yl)ethanone (147)

(0}

N
NO,

30 %; Ry 0.29 (1:1 Et,0: PE); mp 118-119 °C; 'H NMR (400 MHz, CDCl5),
5 =802 (dd, J = 8.0, 1.5 Hz, 1H, ArH), 7.55 (app. dt, J = 8.0, 1.5 Hz, 1H,
ArH), 7.36-7.43 (m, 2H, ArH), 4.11 (s, 2H, CH,CO), 1.72-1.86 (m, 6H, (CH,)3),
1.51 (s, 12H, 4(CHz)); *C NMR (100 MHz, CDCl3), § = 172.4 (C), 148.7 (C),
138.6 (C), 133.8 (CH), 133.0 (CH), 127.6 (CH), 124.9 (CH), 56.7 (C), 45.1 (CH,),
37.4 (CH,), 29.9 (CH3), 14.7 (CH); IR (cm™") 2,952 (w), 1,619 (s), 1,520 (s),
1,371 (m), 1,350 (s), 720 (s); HRMS: m/z (CI), calculated for C;;HasN,Os,
305.1865 [M + HJ*, found 305.1860 [M + H]*.

1-(2,2,6,6-Tetramethylpiperidin-1-yl)-2-(4-(trifluoromethyl)phenyl)ethanone

(148)
N
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22 %; Ry 041 (1:1 Et,O: PE); mp 57 °C; '"H NMR (400 MHz, CDCl,),
0 = 7.55 (app. d, J = 8.5 Hz, 2H, ArH), 7.43 (app. d, J = 8.5 Hz, 2H, ArH), 3.77
(s, 2H, CH,CO), 1.77-1.80 (m, 6H, (CH,)3), 1.48 (s, 12H, 4(CH3)); '*C NMR
(100 MHz, CDCl3), 6 = 174.3 (C), 141.2 (C), 129.5 (CH), 128.6 (q, J/ = 32.5 Hz,
O), 125.1 (g, J = 4.0 Hz, CH), 124.3 (q, J = 271.5 Hz, CF3), 56.0 (C), 46.1
(CH,), 36.5 (CH,), 30.1 (CH3), 14.4 (CH,); IR (cm™") 2,948 (w), 1,637 (s), 1,369
(m), 1,321 (s); HRMS: m/z (CI), calculated for C;3H,sNOF;, 328.1888 [M + H]",
found 328.1893 [M + H]*.

1-(2,2,6,6-Tetramethylpiperidin-1-yl)-2-(3-(trifluoromethyl)phenyl)ethanone
(149)
/@\)(J)\
F;C N

29 %; R; 0.46 (1:1 Et,O: PE); mp 49-50 °C; 'H NMR (400 MHz, CDCl5),
§ = 7.47-7.56 (m, 3H, ArH), 7.40-7.45 (m, 1H, ArH), 3.78 (s, 2H, CH,CO), 1.78—
1.82 (m, 6H, (CH,)3), 1.49 (s, 12H, 4(CH3)); >*C NMR (100 MHz, CDCls),
§ = 174.4(C), 138.1(C), 132.8 (CH), 130.5 (q, J = 32.5 Hz, C), 128.7 (CH), 125.8
(q.J = 4.0 Hz, CH), 124.2 (q,J = 272.0 Hz, CF;), 123.3 (q,J = 4.0 Hz, CH), 56.1
(C),46.1 (CH»), 36.5 (CH,), 30.2 (CH3), 14.4 (CH,); IR (cm™") 2,949 (w), 1,636 (s);
HRMS: m/z (CI), calculated for C,sH,sNOFs, 328.1888 [M + HJ*, found 328.1880
[M + HJ*.

1-(2,2,6,6-Tetramethylpiperidin-1-yl)-2-(2-(trifluoromethyl)phenyl)ethanone
(150)

CF3

27 %; Ry 0.66 (1:1 Et,O: PE); mp 75-76 °C; 'H NMR (400 MHz, CDCls),
0 = 7.63 (app. d, J = 8.0 Hz, 1H, ArH), 7.44-7.53 (m, 2H, ArH), 7.33 (app. t,
J = 8.0 Hz, 1H, ArH), 3.91 (s, 2H, CH,CO), 1.76-1.85 (m, 6H, (CH,)3), 1.50 (s,
12H, 4(CH3)); '*C NMR (100 MHz, CDCly), d = 173.1 (C), 135.5(q,J = 1.5 Hz,
C), 132.8 (CH), 131.5 (CH), 128.2 (q, J = 29.5 Hz, C), 126.4 (CH), 125.7 (q,
J = 5.5 Hz, CH), 124.5 (q, J = 274.0 Hz, CF3), 56.4 (C), 43.1 (g, J = 1.5 Hz,
CH,), 37.5 (CHy), 29.9 (CH3), 14.6 (CHy); IR (cm™") 2,937 (w), 1,626 (s), 1,368
(m); HRMS: m/z (CI), calculated for C,3H,sNOF;, 328.1888 [M + H]", found
328.1872 [M + HJ*.
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2-(4-Bromophenyl)-1-(2,2,6,6-tetramethylpiperidin-1-yl)ethanone (151)
Br
Tt
N

16 %; R 0.41 (1:1 Et,O: PE); mp 75-76 °C; '"H NMR (400 MHz, CDCl5),
8 =742 (dd, J = 8.5, 2.0 Hz, 2H, ArH), 7.20 (dd, J = 8.5, 2.0 Hz, 2H, ArH),
3.66 (s, 2H, CH,CO), 1.77-1.79 (m, 6H, (CH,);), 1.47 (s, 12H, 4(CH3)); '*C
NMR (100 MHz, CDCly), 6 = 174.7 (C), 136.1 (C), 131.3 (CH), 130.9 (CH),
120.3 (C), 56.0 (C), 45.7 (CH,), 36.5 (CH,), 30.2 (CH3) 14.4 (CH,); IR (cm™")
2,963 (w), 1,641 (s), 1,487 (m), 1,364 (s), 1,338 (s), 1,145 (m), 1,068 (m), 797 (s);
HRMS: m/z (CI), calculated for C;;H,sNO’’Br, 338.1120 [M + HJ*, found
338.1120 [M + HJ".

2-(3-Bromophenyl)-1-(2,2,6,6-tetramethylpiperidin-1-yl)ethanone (152)
/©\)?\
Br N

17 %; Ry 0.41 (1:1 Et,O: PE); mp 83-85 °C; 'H NMR (400 MHz, CDCl5),
0 = 7.46 (app. t, J = 2.0 Hz, 1H, ArH), 7.35 (app. dt, J = 8.0, 2.0 Hz, 1H, ArH),
7.26 (m, 1H, ArH), 7.17 (app. t, J = 8.0 Hz, 1H, ArH), 3.69 (s, 2H, CH,CO),
1.78-1.80 (m, 6H, (CH,)3), 1.4