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ABSTRACT

An attempt to obtain chiral induction across the carbamate linkage (-NCOO-), using chiral
amines and the benzyl carbamate, was embarked upon. Initial studies centred around the
benzyl carbamate protected form of a,a-diphenylpyrrolidinemethanol. The inability to
protect the alcohol in this compound led to further investigations into differently structured
molecules, these being 2-(1-phenylcyclopentyl)-4,4,6-trimethyltetrahydro-1,3-oxazine and
N-biphenyl benzyl carbamate. Chiral induction was not achieved, but the investigations

therein led to two new fields of study. .

A trans-carbamation type cyclisation reaction was found to occur in the a,a-diphenyl-(2-
pyrrolidine-N-benzyl carbamate)methanol compound yielding the bicyclic 2-oxazolidone,
3-oxa-1-aza-4,4-diphenylbicyclo[3.3.0]octan-2-one, with nitrogen at the bridgehead
position. Sodium hydride was the base used to facilitate this reaction. Further studies into

this reaction and this class of compounds were inconclusive.

The second field of study was the initial investigation into novel N-monosubstituted
carbamate rearrangement reactions to yield a substituted alcohol, of the benzyl alcohol
type. The rearrangement occurs when the carbamate is treated with butyllithium at 0°C
and the reaction allowed to warm to room temperature. The rearrangement was shown to
occur when the substituent on the nitrogen is aromatic in nature, this group being able to
contain a hetero-atom and be substituted. A positive result was also obtained when the O-
carbamate moiety was the benzyl or cinnamyl group and to a much lesser degree the allyl
group. The products obtained from the rearrangement of the benzyl carbamates were o-
aryl-a-phenylmethanols (substituted benzyl alcohols / benzhydrols), with the analogous
product, l-aryl-3-phenylprop-2-en-1-o0l, being obtained from the cinnamyl alcohol. A
benzylic substituted benzyl carbamate rearranged to give the tertiary alcohol. It was found
that the rearrangement occurred to the position on the aryl substituent to which the nitrogen
had been attached. From the results obtained no conclusive mechanistic details could be
determined, but it was proposed that the reaction intermediate contained a five-membered
cyclic structure. It is assumed that the rearrangement occurs with concomitant loss of

cyanic acid (HNCO).



1. INTRODUCT

1.1 CARBAMAT

1.1.1 GENERAL

Compounds belonging to the class of organic molecules known as carbamates all contain,

as a major feature, the carbamate bond or linkage, depicted below.

Sn—t—o—
The class name of carbamates is derived from the name of the simplest parent compound,
carbamic acid (H,NCOOH). Carbamic acid itself has never been isolated'. It is only
known as a reaction intermediate, as it is unstable, particularly in acidic media where it
decomposes to give ammonia and carbon dioxide’. However, carbamic acid is a useful
compound on which the carbamate naming system has been based. Esters of the acid, i.e.
substituents on the oxygen, or alcohol derived moieties, are referred to as alkyl or aryl
carbamates, and occasionally as O-alkyl or O-aryl moieties. Substituents on the nitrogen
are designated using the N-preﬁxl’ 2. Thus PhANHCOOEt is named ethyl N-phenyl-
carbamate’. Recently it seems to be becoming popular and acceptable to name carbamate

substituents the other way around, for example the previous compound’s name becomes N-

phenyl ethyl carbamate.

Historically carbamates were called urethanes or urethans, names derived from the class of
polymers called polyurethanes which contain the carbamate linkage. Ethyl carbamate
(H,NCOOEY) is traditionally known as urethan and methyl carbamate (H,NCOOMe), to a

lesser degree, as urethylanl .

Carbamates have been known for a long time, becoming known at about the same time that
modern organic chemistry was begun. One of the first reported syntheses is of ethyl
carbamate by Wohler in ca.1840'. Interest in carbamates through the years has been

extensive and varied.



1.1.2 PROPERTIES

Physical properties: Methyl carbamate is a white solid with melting point of 54°C and
boiling point of 177°C (760 mmHg). Ethyl carbamate is also a white solid with melting
point of 48°C and boiling point of 185°C (760 mmHg). It sublimes and is hydrophilic.
Ethyl carbamate is soluble in lower alcohols, ketones, ethers, esters, chlorinated
hydrocarbons and water, partially soluble in aromatic hydrocarbons and insoluble in
aliphatic hydrocarbons. Carbamates of higher alcohols are crystalline solids which have
melting point ranges always higher than the corresponding acetate'. More complex, that is
substituted, carbamates may be liquids or crystalline solids and tend to absorb moistﬁre3.
Spectral properties: In Infrared absorption spectra the major peaks occur in the carbonyl
region. The ester characteristics of the carbamate linkage dominate the amide
characteristics of the bond. Carbonyl absorption for N-unsubstituted carbamates occurs in
the 1725 cm™ region and for N-monosubstituted carbamates in the 1714 cm’ region.
Many carbamates, like esters, have what appears to be a -C-O-C- stretching band in the
1050 - 1000 cm™ region. In mono- and unsubstituted carbamates the amide band is found
in the 1620 cm™ region. The N-H stretch absorption band is, like open chain amides,
found in the 3300 - 3250 cm™ region'.

Chemical properties: Carbamates exhibit characteristic properties of both esters and
amides. Some of their reactions resemble reactions involving esters, amides, enols and

. 1
1socyanates .

1.1.3 USES

The uses of carbamates are extensive and range from agricultural applications through

medical, biological and industrial applications to their synthetic utility in chemistry.

Ethyl carbamate has historically been used extensively in the medical field. It inhibits
mitosis, and thus cell growth, and has therefore been used against leukemia'. Ethyl

carbamate also acts as a nervous system depressant and has thus been used as an antidote



against central nervous system stimulant poisons such as strychnine. It and other simple
carbamates have been used as antiseptics, local anaesthetics' and anticonvulsants®’. Ethyl
carbamate inhibits the enzyme acetylcholinesterase only slightly; however other carbamate
compounds are far more active in this regards. Acetyl choline is one of the main
messengers in nerve synapses and is acted upon by the enzyme acetylcholinesterase. If the
enzyme is inhibited it allows for an increase in concentration of acetylcholine in the nerve
synapse, this situation becoming fatal to the organism if these concentrations become too
high. The carbamate compound physostigmine (1), and its HP290 analogue which has an
altered carbamate moiety, are showing excellent results in tésts against Alzheimer’s
disease. Sufferers have too low a concentration of acetylcholine in the brain nerve
synapses and thus suffer from memory loss. Carefully administered doses of enzyme
inhibitor therefore allows for these levels to be kept at a suitable concentration.
Acetylcholinesterase is also the target of many nerve gases and the compound
pyridostigmine (2) has therefore been used by the military as it has the ability to bind
reversibly to the enzyme, therefore preventing poisoning initially by the gas or later by
enzyme inhibition. Carbamates have also been used as prodrugs for amino-functional

drugs (B-blockers) to improve drug delivery to man by increasing the drug's permeation

through membranes’.

X
—
HLETNe—0 H;C CH,
I/ l,
o) N
~
N\CH | =
| H 3 OCON(CHj3),
CH;,
1) ()

Industrially carbamates have extensive use as they form a large class of polymers, namely
the polyurethanes. Other applications of carbamates include the use of substituted alkyl
carbamates as plasticisers for natural and synthetic rubbers® and the use of ethyl or propyl
carbamate as a plasticiser for melamine-isocyanate resins and laminates’. Carbamates have

also been used in hair setting agent preparationslo and as crease-resistant finishes for

co‘rtons1 1.



By far one of the largest uses of carbamates, other than their use as polyurethanes, is in the
agricultural sphere where they are used extensively as pesticideslz, insecticides”,
herbicides and fungicides'. Here their mode of action is believed to be the deadly build-
up of acetylcholine in the organism, by inhibition of the enzyme. Carbamates form a more
desirable class of pesticides as they do not remain active in the soil for extended periods of

time, unlike such compounds as DDT.

The synthetic utility of carbamates will be discussed in 1.1.5.6.

1.1.4 FORMATION REACTIONS OF CARBAMATES

Although in the history of carbamate preparations the number of methods are numerous,

only a few classes have developed to a level of significance.
1.1.4.1 REACTION OF ALCOHOLS WITH UREA'

The preparation of carbamates by the reaction of alcohols with urea (Eqn 1) is of more
industrial than laboratory importance. Methyl and ethyl carbamate are commercially
prepared by this method. For the preparation of ethyl carbamate ethanol and urea have to
be heated under pressure to approximately 150°C for a number of hours. Due to these
conditions, the high temperatures being necessary for the optimum dissociation of urea into
its reactive intermediates, cyanic acid and ammonia, this method is limited to the
preparation of carbamates from higher boiling alcohols. Metal salts, for example zinc and
cobalt chlorides, lead acetate and metal salts of weak organic acids, afe known to have a
catalytic effect on the reaction, reducing reaction time and improving vyields.
Unfortunately this reaction is unsuitable for reactions involving tertiary alcohols, phenols
or urea reactive groups. N-substituted ureas can be used, giving the alkyl carbamate or N-

alkyl alkyl carbamate, or mixtures of these (Eqn 2).



H,NCONH, + ROH —» H,NCOOR + NH;  (Eqn1)

R'NHCONH, + ROH — R'NHCOOR + NHj;

(Eqn 2)
H,NCOOR + R'NH,

1.1.4.2 REACTION OF AMINES AND CHLOROFORMATES

The reaction of chloroformates with amines is a general reaction for the laboratory
preparation of carbamates' (Eqn 4). Most alcohols in the presence of base will react with
phosgene (COCl,) to give the corresponding chloroformate, which may then be used in the
reaction (Eqn 3). Unfortunately phosgene is an exceptionally dangerous reagent, being
toxic and difficult to handle as it is a gas, which makes this preparation method
undesirable. However phosgene equivalents, such as ’triphosgenels’16 (C1;,COCO0CCL)
and trichloromethyl chloroformate'’ (CL,COOCI), which are safer have been developed,

along with improved preparation methods for these reagents.

ROH + COCL, ——» ROCOCI + HCI (Eqn 3)
ROCOCI + NHR'R" —— ROCONRR" + HCl (R'R"can=H) (Eqn4)

1.1.4.3 TRANSESTERIFICATION METHODS

When carbamates, particularly methyl and ethyl carbamate, are heated together with higher 7
boiling alcohols exchange of the alcohol portions occurs to give a more complex carbamate
(Egn 5). The reaction occurs with N-substituted and unsubstituted systems and with
primary and secondary alcohols, but is unsuitable for exchange with tertiary alcohols or
phenols. The reaction is catalysed by aluminium isopropoxide, as well as a number of

other organometallic compounds being reported'.

ROCONR'R" + R"OH ——— R"™OCONR'R" + ROH (Equ5)



1.1.4.4 REACTION OF CARBAMOYL CHLORIDES WITH ALCOHOLS

N-monosubstituted carbamoyl halides are unstable, decomposing to the isocyanate and
hydrogen halide, and therefore this preparation method may only be used for the
preparation of N,N-disubstituted carbamates, from the correspondingly more stable N,N-
disubstituted carbamoyl halides (usually chloride). The N,N-disubstituted carbamoyl
chlorides are invariably prepared by the reaction of secondary amines with phosgene 2 or
phosgene equivalents (Eqn 6). Reaction of the carbamoyl chloride with the desired
alcohol, usually in the presence of base such as pyridinel8 or NEt;, yields the dgsired

carbamate” (Eqn 7).

R,NH + COC, —— R,NCOCI + HCl  (Eqn 6)

R,NCOCl + ROH —» R,NCOOR + HC| (Eqn7)

1.1.4.5 REACTION OF ISOCYANATES WITH ALCOHOLS

The wide availability of isocyanates makes the reaction of isocyanates with alcohols an
excellent general method for the preparation of N-substituted carbamates’ (Eqn 8). The
reaction is rapid and quantitative for alcohols, but is slower for phenols, usually being
catalysed by tertiary amines®. The versatility of products available from this preparative
route is further increased by trapping with the alcohol the isocyanate intermediates in the

. ) . 2
Curtius, Lossen, Hofmann and other rearrangement reactions’.

|
R—N=C=0 + ROH —> R—N—C—OR'  (Eqn8)



1.1.4.6 AMINOLYSIS OF CARBONATE ESTERS

Carbamates may also be prepared by the aminolysis of carbonate esters (dialkyl
carbonates)’ (Eqn 9). This reaction is most successful when the two alkyl portions are
identical, or if there is a large difference in leaving abilities between the two groups. This
method cannot be used for the preparation of carbamates with good leaving groups, i.e.
phenyl carbamate, as the carbamate formed is more reactive that the starting material

carbonate.

0
I
R'O—C—OR" + RNH, —— RNHCOOR' (orR") + (R'or) R"OH  (Eqn9)

The reaction between primary and secondary. amines and dialkylcarbonates needs to be
catalysed to achieve satisfactory conversion rates. Some examples of catalysts are strong
bases, such as alkali metal alkoxides, and Zn, Co, Sn, Al and Ti compounds for the
carboxylation of aromatic amines and Lewis acids, such as AlCl;, SnCl,, ZnCl, and FeCls,,
for the effective conversion of n-propylamine and diethylcarbonate to N-propyl ethyl

19
carbamate .

Recently the use of carbon dioxide has been reportedw. Initially alkylammonium N;alkyl
carbamates (3) are formed by saturating amine solutions with CO, and then these are
reacted with dimethylcarbonate (DMC) (4) to yield the N-alkyl methyl carbamates (5)
(Eqn 10). |

RNH;' "0,CNHR + OC(OMe), — RNHCOOMe + CO, + RNH, + MeOH (Egqn 10)
3) “) &)



The preparation of functionalised and complex carbamates has recently been reported using
di(2-pyridyl)carbonate (6) to promote the alkoxycarbonylation of amines™. Di(2-
pyridyl)carbonate (6) may be reacted with a variety of alcohols, including hindered
secondary and tertiary alcohols and protected glycols, to give the mixed carbonate (7).‘
This is then reacted with the amine, even complex amines and those containing functional
groups, to efficiently obtain the carbamate (8), by replacement of the second pyridyl

moiety by the amine. An example of this reaction is shown below (Scheme 1).

= A 0 N
| " | N Et:N, CH,Cl, I |
RT, 12h . Z
Ny o/C\o 7 "OH 07 o

CH,Cl, RT, 12h
z Y
O
. JJ\ o OMe
"0 N/\O/
H
o_ O

Scheme 1

1.1.4.7 MISCELLANEOUS METHODS

A variety of other methods have been used for the preparation of carbamates. Some of
historical interest are the following reactions: a mixture of amine, alcohol and urea, when
heated, gives both N-alkyl carbamates and unsubstituted carbamates'; phenyl cyanate when
hydrolysed by acid yields phenyl carbamate'; aminoethyl carbamates have been formed by

the reaction of urea and ethylene oxide'; heating an alcohol with urea nitrate, in the



presence of zinc chloride, yields the corresponding carbamate'; and the reaction of cyanic
acid (usually obtained from the thermal decomposition of cyanuric acid) with alcohols also

produces carbamates; however allophanates (ROCONHCONH,) may also be formed" .

Recently a number of reports have appeared in the literature for the preparation of
carbamates directly from carbon dioxide, amines and alkyl groups. Butcher”! reports the
formation of a wide variety of carbamates from primary, secondary and aromatic amines,
various electrophiles (RX) and CO, in the presence of inorganic bases. Caesium carbonate
is the most effective of these bases allowing for the highest percentage production of
carbamate over tertiary amine, the other product of the reaction. The reaction is solvent
dependent. Yoshida and co-workers™ also report the formation of carbamates from carbon
dioxide, aliphatic amines and alkyl halides. They found that the highest yields were
obtained with secondary alkyl bromides and that the addition of DMF to the reaction
mixture promoted product formation. It is their belief that this reaction proceeds by a Sy2
displacement type reaction mechanism where the halide is displaced from the alkyl halide
by the carbamate anion product of the reaction of the CO, with the amine. Dixneuf and co-

2324
workers™™

have produced vinyl carbamates from the reaction of secondary amines and
terminal alkynes with carbon dioxide, under pressure, using mono- or trinuclear Ru

complexes as catalysts.

The autoxidation of a-sulfenyl-o-aminonitriles to carbamates has been achieved by -

reaction of the sulfenyl aminonitrile with metal alkoxides under an oxygen atmospherezs.

A new range of carbamate compounds, N-(methylene-4-oxocoumarinyl) carbamates®®

have been found to be the products of the reaction of 4-hydroxycoumarih with simpler
carbamates, such as ethyl, butyl and benzyl carbamate, in refluxing 2-propanol in the

presence of ethyl orthoformate (CH(OE)s).
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1.1.5 REA N ATES

1.1.5.1 THERMAL DECOMPOSITION

The thermal stability of carbamates depends to a large extent on the degree of N-
substitution’.  N,N-disubstituted carbamates are relatively resistant to thermal
decomposition, this rarely occurring cleanly when it does occur. N-monosubstituted
carbamates undergo decomposition at elevated temperatures giving largely isocyanates and
alcohols and to a lesser extent ureas, CQO,, olefins and carbodiimides. On heating they may
undergo three general reactions’: (a) elimination of an alcohol and formation of an
isocyanate, (b) fragmentation to form an amine, CO, and an alkene and (c¢) loss of CO,.
Decomposition temperatures vary and may be as high as 200°C. Aryl carbamates
decompose at approximately 150°C, via path (a) above; however f-butyl carbamates
decompose even at approximately 50°C. Unsubstituted carbamates decompose quite
readily above 130°C to cyanic acid derivatives, cyanuric acid, alcohols and allophanates.

Metal salts in even trace quantities accelerates this decomposition'.

1.1.5.2 HYDROLYSIS'

Base hydrolysis: All carbamates derived from aliphatic alcohols undergo alkaline
hydrolysis by the mechanism depicted in Equation 11 to give an amine, CO, carbonate
and water. Carbamates derived from aromatic alcohols decompose by a different
mechanism, depicted in Equation 12, and are hydrolysed more rapidly. The driving force
in this mechanism is the ease of departure of the phenoxide ion. N,N-disubstituted
carbamates are unable to form the isocyanate intermediate and thus decompose very slowly

by the first mechanism (Eqn 11).



11

)

0
H + on® RO—(lj—NR'R" — s RR'NCOO® + ROH
RO” NRR" Cl)H

H,0

RR'NH + CO;32- + H,0 <201 CO, + RR'NH <—— [R'R'NCOOH] + ou®

Equation 11

0®
I % po o+ i — » R—N=C=0 + ArO®
ArO—C=NR

NHR
H,0

RNH, + CO;2- + H,0 <20H° (0, + RNH, <— [RNHCOOH]

Equation 12

Acid hydrolysis: Carbamates are generally quite stable to acids under most conditions.
However, carbamates in glacial acetic acid when treated with HCI or HBr yield CO,,
ammonium halide and alkyl halide. It is believed that the nitrogen is first protonated then
the alkoxy group attacked by the halide ion. When heated with 30-60% oleum
unsubstituted or monosubstituted carbamates become sulfonated on the nitrogen prior to

cleavage, giving sulfamic acids as products.

1.1.5.3 REACTIONS AT THE AMIDO GROUP

Carbamates, that is» the N-monosubstituted or unsubstituted carbamates, are themselves
- potential nucleophiles, although poor ones in comparison with amides. They may be
acylated at the nitrogen by a number of compounds including esters, acid halides,
anhydrides and ketenes, generally being more readily acetylated than ordinary acid amides.
Diacid chlorides, such as oxalyl chloride may even react with two equivalents of carbamate

to yield a biscarbamate'. When treated with sodium or with strong base N-
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monosubstituted or unsubstituted carbamates can be converted to the formal carbamate
anion (9) and can therefore act as better nucleophiles in reactions with electrophiles, such
as alkyl or acyl halides, to give the corresponding N-alkyl or N-acyl derivatives (Eqn 13).
These reactions will only be successful if the carbamate anion is stable, a factor determined
by the carbamate ester group. If this group is a poor leaving group the anionic carbamate

will not be able to undergo rapid elimination of this -OR group to yield the isocyanatez.

_COOR
' Rl% R'N\COR"
- o
R'NHCOOR —b3s¢ . RNCOOR (Eqn 13)
CE,
R*CI ™\ R R"NCOOR

1.1.5.4 REACTIONS AT THE ESTER GROUP

The reaction of carbamates with nucleophiles is one of the most characteristic reactions of
the class. Displacement of the aryloxy or alkoxy group by amines yields ureas, and by
alcohols leads to transesterification products. The reactivity of alkyl carbamates bears a
closer resemblance to that of amides than that of esters and forcing conditions are needed
in the reactions of these compounds. In aryl carbamates the aryloxy group is a good
leaving group and the loss of this group is the rate determining step in the base catalysed
reaction of unsubstituted or monosubstituted carbamates, giving an isocyanate as an
intermediate which is readily trapped by nucleophiles to give the substitution product®

~ (Scheme 2).

O

o |l Vo
RN—C—OR' =2l pN=C=0

I
RNH—C—OR'

0]

I
> RNH—C—X --—1HX

Scheme 2
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When carbamates and amines are reacted together at elevated temperatures substituted
ureas are normally the products obtained'. Heating ethyl carbamate with ammonia in a
sealed system yields urea and ethanol and N,N-dialkylureas can be formed by heating the
N-alkylcarbamate and the corresponding amine at 230°C (Eqn 14) or by heating, at 150°C,
ethyl carbamate and the amine (Eqn 15 & 16). Few examples exist of the formation of
monosubstituted ureas from amines and carbamates. However, reaction of primary or
secondary alkylamines with an alkyl carbamate, with removal by fractional distillation of
the alcohol formed, yields N-alkylureas in excellent yields (Eqn 17). It has been shown
that the reaction of an alkylamine with a N-unsubstituted carbamate in the presence of the
hydrochloride salt leads to amine interchange yielding the N-substituted carbamate (Eqn
18). Cleavage of the ester bond of the carbamate is achieved by chemical reduction, e.g.
LiAlH, reduces carbamates to the corresponding N-methylamines (Eqn 19).

Transesterification reactions have already been discussed in 1.1.4.3.

RNHCOOEt + RNH, —» RNHCONHR -+ EtOH (Eqn 14)
H,NCOOEt + RNH, — » H,NCONHR + EtOH . (Eqn 15)
H2NCONHR + RNH2 ——» RNHCONHR + NH3 (Eqn 16)

NHR'R" + R"NHCOOR — R'R'NCONHR"™ + ROH R=Hakyl (Eqn 17)

H,NCOOEt + RNH, —RNE:Cly RNHCOOEt + NH4CI (Eqn 18)
RNHCOOR'’ — M . RNHCH; + R'OH (Eqn 19)

1.1.5.5 MISCELLANEOUS REACTIONS

N-unsubstituted carbamates react with carbonyl compounds, but the reaction is very sldw
except with the most reactive aldehydesz. Methylenebiscarbamates [R’R”C(NHCOOR),]
are formed in the reaction of aldehydes with two moles of carbamate in the presence of
trace amounts of mineral acid'. Carbocations react with carbamates and allow for
alkylation at either the nitrogen, for active alkyl halides, or the carbonyl oxygen, more

precisely the hydroxyl group of the enolic form of the carbamate, with less active alkyl
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halides. This latter reaction is followed by loss of an alkyl halide, resulting in the exchange
of the alkoxy groupl. The carbamate linkage is also able to act as an internal nucleophile
towards acyl or alkyl centres if present. In neutral solution reaction at the oxygen is the
norm, while the anion reacts at the nitrogen, thus making the carbamate an ambident
nucleophile. This aforementioned reaction yields cyclic products, some of which may be

hydrolysed to yield the amine, thus removing the carbamate protecting groupz.

1.1.5.6 CARBAMATES AS SYNTHETIC INTERMEDIATES

One of the major synthetic uses of carbamates is in the protection of amine functionalities,
usually in biologically related compounds and for peptide synthesis. Tert-butyl (BOC),
butyl and benzyl carbamates are the most commonly applied, most likely due to their easy
removal at later stages, their lack of involvement in subsequent reactions, that they do not
undergo many side reactions and that they prevent racemisation of intermediates. Ethyl

and methyl carbamate are also used.

The carbamate linkage is able to activate the position alpha to the ester portion of the bond
to proton abstraction and metalation. This feature has been employed extensively by
Hoppe and co-workers and is described in detail later in 1.2.2. N,N-dialkyl carbamates of
benzyl alcohol (10) allow for the functionalisation of the benzylic position in the otherwise
fairly unreactive benzyl alcohol, the alcohol usually being the only functionality available
for functionalisation. Hoppe and Bronneke?’ showed that N,N-dialkyl benzyl carbamates
(10) are deprotonated at the benzylic position by BuLi and TMEDA to yield the stable
lithio derivative (11) which can be reacted with a number of electrophiles to yield the more
complex carbémate (12), and ultimately the substituted benzyl alcohol on removal of the
carbamate (Scheme 3). These anions (11) are stable and do not undergo the Wittig
rearrangement, unlike the alkyl benzyl ethers used in the past. Zhang and Gawley® have -
however contradicted Hoppe and claim that these lithiated anion species (11) may undergo

[1,2]-rearrangement of the amide portion of the carbamate to the benzylic position.
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lLi’f,__O E 0
S I
PhCH,OH —> /\ JJ\‘N EIZO/-780C/N2 X /lk Ph (0] NR
ph” 07 ONR, z

(10) (11) (12)
Scheme 3

Carbamates have been’ used very successfully in Directed ortho Metalation (DoM)
reactions (Eqn A of Scheme) where the carbonyl group of the carbamate allows for co-
ordination of the metal base in a position which allows for ortho abstraction of the
protonzg. This reaction is analogous to B-activation or metalation by the carbamate. In
many instances the DoM reaction involves migration of the amide portion of the
carbamate, after metalation, to the ortho position, yielding the o-substituted phenol (13)
(Eqn B of Scheme). This rearrangement occurs when no electrophile is added and the
reaction is allowed to warm from -78°C to room temperature (R.T.). This reaction
amounts to an anionic equivalent of the ortho-Fries rearrangement. In some instances the
carbamate derivative of benzyl alcohol also undergoes migration of the amide portion to

yield the o-substituted benzyl alcohol®®.

DMG DMG DMG
_RLi , B, (Eqn A)
Li E
DMG = directing metallation group

O _NR, OH
C RLi |
” -780C-R.T. (Eqn B)
O _NR;

(13)

@)

Scheme 4

In addition to the above main synthetic uses of carbamates they, or the carbamate linkage,
have also played a large role in other fields, some examples of which follow.
* The N-alkyl carbamate form of a-allylic alcohols has been used to yield, by palladium

catalysed arylation, the N-alkyl O-cinnamyl carbamates®®., Without the carbamate
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present the analogous reaction (Heck type arylation) would yield the arylated alkyl
carbonyl compound.

e N-acylhydroxylamine-O-carbamates have been shown to rearrange by a [3,3]
sigmatropic shift under basic conditions to yield o-amino acid amide derivatives®'.

e The carbamate protected N-cyclic-ene carbamates have been used to activate these
systems to [2+2] cycloaddition reactions with ketenes. This reaction has been used in
the synthesis of the important Geissman-Waiss Lactone™.

e Activated N-methylcarbamates have been used in the preparation of anti-cancer
compounds”.

e N,N-dimethy]l carbamates of allylic alcohols undergo high-yield equilibration of the
allylic system, by rearrangement of the carbamate under conditions of mercuric
trifluoroacetate catalysis”.

* Another example is their use in the Pirkle chromatographic resolution of alcohols,

hydroxy esters and thiols**.

1.2 STEREOSEL IVITY IN CARBAMATES

Stereoselectivity in carbamates falls into two categories, that of induced chirality in the
substituents on the carbamate linkage and that of regioselectivity around alkeny! systems,

with associated diastereoselective addition within these systems.

1.2.1 INDUCED CHIRALITY IN CARBAMATES

Obviously chirality in carbamates can be achieved by using chiral reagents in the
preparation of the carbamate, so long as the chirality is maintained throughout the

preparation method, which in almost all methods would be the case.
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The introduction of chirality to a compound that already contains the carbamate bond has
not been very successful at all and only a handful of examples are reported. No examples

of strict chiral induction were found in the literature.

Pozo and Gotor’> have successfully achieved the synthesis of chiral carbamates using an
enzymatic alkoxycarbonylation reaction. They reacted a number of racemic primary
amines with vinyl carbonates (n-octyl vinyl carbonate and n-butyl vinyl carbonate),
prepared by the reaction of the alkyl alcohol and vinyl chloroformate, in the presence of the
enzyme CAL (Candida antartica lipase SP 435A immobilised on acurrell) in various
solvents (Scheme 5). These long chain alkyl carbonates were chosen due to their previous
success in other reactions with CAL. The reactions were successful with the lipase being
enantioselective towards the R enantiomer, as expected from previous studies. These
authors also showed that solvent and substrates do affect the overall enantiospecific

success of the reaction.

ROCOOCH=CH, + /i _CAL R
H,N”T R

R= n-octyl, n-butyl H

Scheme 5

Kerrick and Beak®® have successfully achieved asymmetric deprotonations to give
enantioselective synthesis in a N-pyrrolidine #-butyl carbamate system (14). They achieved
enantioselective deprotonation of the 2-pyrrolidine position using s-butyllithium and (-)-
sparteine (15). Reaction with electrophiles gives the substituted product (16) with
excellent enantiomeric excesses being obtained (88 - 96%), the products having the (R)-

configuration, which in the case of proline is the unnatural form.
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sec-BuLi/spaneine(l_S,z _ % ) i
Et,0, -780C, 4-6h ., . g
z Li

I s |
Boc O Boc
t-BuO
(14) (16)

Boc = fert-butoxycarbonyl
Scheme 6

(-)-sparteine (15)

Brown®’ et al. obtained approximately 60% diastereomeric excesses (d.e.) for the reaction
of alkyl/benzyl N-alkyl-N-[(aryl/alkyl(methoxy)methyl)methyl]carbamates (17) with
trialkylsilyl enol ethers (18) in the presence of catalytic amounts of trialkylsilyl triflates to
yield the corresponding B-ketocarbamates (19) (Scheme 7).

MeO R' 0
OSiR3 /R"
" TMS OTf (1011]0]%)
+ >
R"/N\H/OR MeCN -400C H N\C/ORm

R

© 0]

a7 (18) 19

Scheme 7

Barner and Mani®® attempted to induce chirality across the carbamate linkage using the N-
t-butyl benzyl carbamate system. They hoped that the configuration of the compound,
aided by the #-butyl structure, would allow for the enantiospecific abstraction of one of the
benzylic protons. Their work was unsuccessful with only racemic products being obtained
and they do not report any further successful results. They did however show that this
system, once cleavage of the carbamate using DIBAL has been achieved, is a route for the

high yielding general synthesis of alkylated benzylic systems.
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1.2.2 REGIO - AND DIASTEREQSELECTIVITY IN CARBAMATES - The work of

Hoppe and co-workers

The diastereoselective and regioselective studies of Hoppe and co-workers on the whole
centre around 1-alkoxy-2-propenyl systems (20). These systems are of interest as they
form the starting materials for the production of homoenolate equivalents which are highly
desirable for syntheses, as they are synthetic equivalents for the unknown aldehyde or
ketone homoenolates (21)18’39. Traditionally the carbonyl has been protected as. the ether,
with alkyl, aryl or trialkylsilyl groups, and the anion formed after reaction with base
generally reacts regioselectively at the y-position for the addition of alkyl groups to form
the enol ether, but undesirably at the a.-position for the addition of carbonyl compounds.
Due to the lack of acidity in the system it can be at most monosubstituted to still allow for
deprotonation. Unfortunately these systems are also prone to side reactions taking place,
such as the Wittig rearrangement”. When the carbonyl is protected as the N,N-dialkyl
carbamate the acidity of the system is increased to such an extent that, even on reaction
with carbonyl compounds, the y-adduct (23) is preferentially formed, with only trace

amounts of the a-adduct (24) being obtained'®*’

. This regioselectivity is enhanced as the
size of the N-alkyl substituent on the carbamate is increased, N,N-di-iso-propyl carbamate
giving better results than N,N-diethyl carbamate which gives greatly improved results over
N,N-dimethy] carbamate'®.  Generally the Z-configuration in the enol ether product

. . 18,3
predominates over the other isomers ™ ’.

The products are formed by the reaction of the
N,N-dialkyl carbamates (20), prepared from the alcohols and carbamoyl chlorides, with
organometallic bases, such as LDA!® or n-BuLi complexed with TMEDA (N,N,N’N’-
tetramethylethylenediamine)39 to give the anion (22). This is then reacted with an
electrophile (carbonyl) to give the y-adduct (23). Should further terminal protons be
available for abstraction the reaction may be repeated to give a disubstituted productls,
with another electrophile (EX). The reaction using the carbamate protecting group, unlike
those traditionally used, is even successful in poly-substituted systems40. It is believed that

due to the greatly increased acidity of the a-position the counter cation preferentially

chelates to this position, aided by complexation to the carbonyl, thus allowing for the
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preferential y-addition. The anion intermediate (22) is very stable at the reaction

temperature of -70°C.

R2 R2 R2
R3 Rl — R3 Rl _base , R3_ B . RI
e: 'Y" e‘\
R4 O R4 OR' R4 OR

21 (20) (22)
lR"COR"'

R'= CONR2

2
R"= I"l, alkyl 3R R R2 "R R™

4R RE 3 OH
" Rl

R OR'

4 '
HO R R OR
(23) (24)
Scheme 8

The carbonyl group can also be “electronically protected” and not only sterically by the use
of N-monoalkyl carbamates. Deprotonation at the nitrogen with n-BuLi and TMEDA
yields the lithium salt, thus reducing this regions electrophilicity. Double deprotonation of
these allyl N-substituted carbamate systems with BuLi and TMEDA vyields a dilithiated
ester anion, and subsefluent reaction with an electrophile also yields predominantly the Z-

configured y-adducts4°.

Diastereoselective homoaldol reactions have been achieved by similar methods to those
above, but also utilising transmetalation procedures. If the starting materials are (£)-2-
butenyl N,N-dialkyl carbamates (25) then transmetalation of the o-lithium compound (26)
with bis-iso-butylaluminium chloride to yield the aluminium derivative (27) and
subsequent reaction with aldehydes yields predominantly the E- (28') or Z-threo/anti-
configured (29) products of the four possible diastercomers’' (Scheme 9). If the

transmetalation reaction is carried out using chlorotris(diethylamino)titanium to yield the
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crotyltitanium derivative then subsequent reaction with an aldehyde yields almost
exclusively the Z-configured (threo)-8-hydroxyenol carbamate™? (29). In addition to this
diastereoselectivity further regioselectivity in this reaction can be attained by using an a-
substituted starting material, thus giving the y-adduct free of other isomers. When the (2)-
2-butenyl carbamates are used as starting materials™ then, using the same aluminium
exchange and carbonyl addition reaction above, the E-erythro/syn-products (30),

predominate. Lithium exchange with methanesulfonate also increases the regioselectivity.

OH OH
H,C M : :
NS R'CHO

CH, CH; OCb
E- E-threo (28) Z-threo (29)
@) M=H OH OH
(26) M=Li
(27) M = Al(iBu), R’ LR OCh R’ ™
b = CONR, CH; CH; OCb
E-erythro (30) Z-erythro (31)
Scheme 9

Using the identical titanium reaction to that above, but with a varied starting material some
interesting results relating to chirality were found*. When the starting materials were o-
chiral a-substituted (for larger groups, e.g. i-butyl) 2-alkenyl carbamates abstraction of the
o-proton by Li-TMEDA occurs with retention of configuration and if this intermediate is
reacted with the carbonyl compound the expected (Z)-products predominate. However, if
transmetalation with Ti (as above) is carried out with subsequent addition of the carbonyl
compound only one product, the (Z)-(+)-anti-diastereomer, is obtained. Thus inversion of
configuration had occurred and there had been 1,3-chirality transfer, the configuration at
-Cl1 determihing the configuration at C3 and not the position of the aldehyde in the
transition complex. The metalated intermediates in these reactions are stable to

racemisation. The reaction of the o-lithiated intermediates, derived from (E)- or (2)-
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configured starting materials similar to those just described, with chlorotrimethylstannane
yields predominantly the y-stannylated (Z)-configured products, also with 1,3-chirality

transfer, with respect to the chiral configuration of the lithium complex chelation®,

The above reactions utilise a-chiral starting materials with retention of configuration on
metalation. However, prochiral starting materials can be used and enantiotopic
deprotonation achieved using second-order asymmetric induction with s-BuLi complexed

46,47,48 .
64748 Proton abstraction oceurs

with an enantiomerically pure diamine, (-)-sparteine (15)
but only one enantiomer of the complex rapidly crystallises out of solution, giving the pure
(R)-configured product. Direct reaction of this solid with tetra(iso-propoxy)titanium
results in the complex going into solution. Subsequent reaction of the Ti-complex with
carbonyl compounds yields diastereomerically pure products with high enantiomeric
excess (e.e.). Derivatives of a-prochiral alcohols where the rest of the molecule does not
contain a stabilising factor, such as aryl or alkenyl systems, are also enantiospecifically
deprotonated by sec-BuLi and (-)-sparteine (15)49. However, in this case the alcohol must
be protected as a sterically demanding carbamate (32). Treatment of this compound with
the Li-diamine complex yields the (S)-configured product and consequent substitution with
electrophiles is believed to occur with retention of configuration. Removal of the
spirocyclic oxazolidine carbamate (32) yields the substituted alcohols with high e.e. This
same reaction is also successful in the case of diols, or their carbamate derivatives, with the

si-face also being enantiotopically deprotonatedso’ﬂ.
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The chiral products of many of the above reactions themselves become intermediates in the
formation of a number of further products, for example chiral substituted lactones®, furans

(lactols® and lactol ethers*"*?), 3-buten-4-olides'® and acetals*" .

Similar results to the alkene systems have been obtained for alkyne systems. o-Lithiation
results on the treatment of the N,N-dialkyl carbamate derivative of 2-butynol (33) with
BuLi®***. Reaction of this complex (34) with carbonyl compounds leads to their
regioselective addition to mainly the fy-position to vyield (4-hydroxy-3-methyl-1,2-
alkadienyl) carbamates (35), with some of the a-adduct also being obtained (36) (Scheme
10). Li-Ti exchange before addition of the carbonyl compounds leads to exclusively the y-
adduct, in high diastereomeric yield. After protection of the 4-hydroxy group the
compounds (35) can undergo a further a-proton abstraction (R’>’= H) and lithiation (with
LDA) to allow for substitution with (mostly) retention of configuration. If the 4-oxy group
is a good leaving group then 1,4-elimination in a syn-stereospecific manner occurs, before
substitution is achieved, to yield the very reactive 3-alken-1-ynyl carbamate™. Protection
of the 4-hydroxy group in (35) with a ketene N,O-acetal leads to an allene Claisen

rearrangement with 1,4-chirality transfer .

o Lig HC, AR
H;C—C=C-CHR" g _n-Buli_ H;C—CEC—C: il RCOR', R ,C=C=C{ _CONR
07" NR, R’ O/C\NRZ "/C\OH © ’
(33) G34) . 35)
+
| R" R’
R, R"=H, alky! HJC—CEC—(':—.l—OH
R,NCOO R
(36)

Scheme 10



24

3 CHI AMINES HIRAL INDUCTION

As this section ultimately did not form an integral part of my Master’s research it will only

be touched on briefly and generally.

Acquiring optically active, or chiral, molecules may be done in three ways, these being the
optical resolution of racemic mixtures, the transformation of “chiral pool” materials and
the synthesis of a chiral centre where one previously did not exist (asymmetric synthesis)57.
There are a number of ways of creating a chiral centre in a molecule, including reaction of
a prochirai centre such as a carbonyl or alkene and substitution reactions, i.e. abstraction of
a functionality, including H, with subsequent addition of another group at this point. These
methods may also be achieved in two ways, one by using a chiral reagent and the other by
allowing a chiral centre slightly removed from the reaction point to influence the reaction
and the chirality at the centre in question. In fact in some cases a chiral, or asymmetric,
reagent does not have to be used to create chirality at a centre but rather a dissymmetric
molecule lacking a chiral centre, i.e. one that lacks mirror or inversion symmetryss. Chiral,
or dissymmetrical, reagents can themselves be divided into two classes, namely chiral
ligands or auxiliaries and “free” reagents. Some reagents in these classes may also fall into

the category of chiral catalysts.

On the whole chirél amines have been used as ligands, with metals such as B, Li and Zn, to

achieve chiral induction. These ligands may be monodentéte, bidentate or even

polydentate. Often in the case of amines the functional groups for co-ordination are not

only amine derivatives but also alcohol, and even phosphine, derivatives. Some examples

of these classes, derived from recent literature, follow. |

e Chiral amino alcohols have been extensively used, co-ordinated to boron, to form
oxazaborolidines, for the asymmetric reduction of a number of ketone related functions.
(S)-oc,oc-diphenyl-(indolin-2-y1)methanol59 and (1R,3R,5R)-3-(diphenylhydroxymethyl)- |

2-azabicyclo[3.3 .0]octane60

have both been successfully employed for the
enantioselective reduction of ketones, generally containing some aromatic group. Itsuno

et al.® have used a range of a,a-diphenyl-B-amino alcohols, prepared from naturally
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occurring amino acids, iﬁ conjunction with borane to achieve excellent results in the
asymmetric reduction of ketones, ketones containing functional groups and ketone
oxime ethers. In another paper62 they detail this last reaction of reduction of ketoxime
O-alkyl ethers to optically active primary amines, using a combination of sodium
borohydride (NaBH,), Lewis acids and the chiral amino alcohols. Chiral hydride
reagents, including amino alcohols and oxazaborolidones, have been employed in the
asymmetric reduction of N-substituted ketimines to give the corresponding secondary
amines®.

e Amino alcohols used in catalytic or stoichiometric amounts in conjunction with
dialkylzinc reagents have allowed for the enantioselective alkylation of carbon-nitrogen
double bonds, in N-diphenylphosphinoylimines. From these alkylated products chiral
amines can be readily obtained®. The enantioselective addition of diethylzinc to
benzaldehyde has been achieved using catalytic amounts of B-(s or f)-amino alcohols®.
The B-t-amino alcohols were found to give the best results. This paper proposes the
formation of a dinuclear zinc complex as the intermediate in the chiral addition to the
aldehyde.

e A chiral B-amino ether has been used to mediate the enantioselective alkylation of

| aldimines with organolithium reagent566.

¢ The enantioselective deprotonation of cyclohexene oxide, to (S)-2-cyclohexen-1-ol, has
been achieved with varying degrees of success using a range of bi- and tri-dentate chiral
lithium amines, derived from di- or triamine ligands®’.

¢ A number of monodentate amino auxiliaries, with C, axes of symmetry, co-ordinated to
lithium have been reportedss. Some examples are 2,5-dialkylpyrrolidines and N,N-di-1-
phenylethylamine which have generally been used in addition reactions to vinyl
systems. The same review reports the extensive use of trans-2,5-
bis(methoxymethylene)pyrrolidine for addition/substitution reactions, when this
compound is added to the molecule on which substitution is to be achieved in the form
of an amide linkage. Organolithium reagents are used in the abstraction step and it is
believed that one of the oxygens in the auxiliary is effective as a ligand.

e A chiral phosphonamide ylide based on a cyclohexyl diamine has been employed for
8

olefination, with good stereochemical control at remote centres’
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However, chiral amines have also been used for induction as single reagents, that is not as

ligands. Some examples follow.

Fuji et al. report the use of the hydrochlorides of chiral piperazine derivatives for
asymmetric protonation of 1-acetoxy-2-benzylcyclohexene and similarly structured
compounds68.

(S)-(-)-1-Amino-2-methoxymethylpyrrolidine ~ (SAMP) and  (R)-(+)-1-amino-2-
methoxymethylpyrrolidine (RAMP) are well known chiral auxiliaries that form
hydrazones when reacted with carbonyls®. When these adducts are reacted with bases,
such as LDA, with subsequent addition of groups, usually alkyl, to the a position this
addition occurs stereoselectively. Using organocerium reagents additions to SAMP-
hydrézones has been achieved to give, ultimately, chiral arnines7°.

The chirality inherent in the (-)-2-cyano-6-phenyloxazolopiperidene molecule can be
used for the selective functionalisation of either the at-amino nitrile or the oi-amino ether
positions and subsequently the formation of a number of chiral compounds derived from

p 1 71,72,73,74,
this chiral precursor’ """,

The number of instances where chiral centres in an amine based molecule have been used

to induce chirality at another centre are numerous, particularly in natural product synthesis,

and will not be dealt with here.
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4 Z0O11 S (CYCLIC CARBAMATES

1.4.1 GENERAL

Cyclic carbamates belong to the class of heterocyclic compounds generally known as
oxazolidones. They are in fact 2-oxazolidones. The numbering system in oxazolidones is

shown below”® (37).

R4 R3
I
RS —C|5—C4—R2

If the carbamate linkage falls within a bicyclic structure the system is named according to
TUPAC multicyclic systems, with the hetero-atoms being numbered aé if they were
carbons. If all bridges are equal then the hetero-atom bridge takes preference. When the
nitrogen falls at the bridgehead position it is numbered as one (1) with the bicyclic rings
being numbered next and the hetero-atoms being assigned numbers in this system76, for

example (38) is named 8-oxa-1-azabicyclo[4.3.0]nonan-9-one.

0O
/
N/C\
0]
(38)
The parent compound in this class (R=H in (37)) is also referred to as 2-oxazolidinone,

oxazolid-2-one, oxazolidin-2-one, oxazolidone-2 and oxazolidinone-2”. This author will

use the name oxazolidone.
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2-Oxazolidones, both the substituted monocyclic and the bicyclic systems, have been
known for many years, the first known preparation being achieved in about 1890"". The
number of examples of these compounds, and their applications, are vast. It was not until
1980 that the first bicyclic system with the nitrogen at the bridgehead position was
reported76, it being previously believed that this would be impossible to achieve as the

compound would violate Bredt’s Rule’®’®,

Structurally 2-oxazolidones favour the carbamate linkage being in a five-membered ring

79,80

system’ ", although other ring sizes may be found.

1.4.2 PROPERTIES

Physical Properties: Most 2- oxazolidones are stable solids™"*”’

75,76

and most are soluble in
water
Spectral Properties: In the infrared spectra the carbonyl absorption band usually occurs
at high energy, occurring above approximately 1680 cm’ and generally being found above
1740 cm™ ™, In addition the 2-oxazolidone ring is reported to have a characteristic
absorption band in the 1029 - 1059 cm’” region75.

Chemical Properties: 2-Oxazolidones are generally stable to acid or alkaline hydrolysis77
and solutions of non-functional group substituted compounds are essentially neutrai and

75,77

therefore do not form salts with either acids or bases 2-Oxazolidones are cyclic

urethans and in some cases the ring can be opened and polymerisation initiated. In the

bicyclic and hetero-atom bridgehead examples this depends largely on ring strain’®"®.
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1.4.3 USES

Examples of the uses of 2-oxazolidones are vast and varied. Historically these include
antibacterials against a large number of organisms, growth regulators, psycho-and
neuropharmacological agents, central nervous system depressants and relaxants and
polymers or copolymers with a vast variety of applications75. More recent examples
include their use in polymer products81’82’83; as antibacterial®, antifungal85 and
antialgicidal86 agents; as an agent for the removal of NO, gases from flue gase587; as

- antidotes for organophosphate poisoning88 and as nervous system agents i.e. as

tranquillisers, antidepressants and antipsychoticssg.

1.4.4 FORMATION REACTIONS

1.4.4.1 FROM B-AMINO ALCOHOLS

The formation of 2-oxazolidones from PB-aminoalcohols forms the biggest class in the
preparation of these cyclic carbamates. Numerous compounds have been used to complete
the cyclisation. Of these the use of phosgene or dialkyl carbonates are the most common.
The production of B-aminoalcohols can be from numerous starting materials, or from
natural products such as some of the amino acids. Their formation is beyond the scope of
this discussion. Obviously the use of y-aminoalcohols leads to the formation of six
membered cyclic carbamates, should the molecular orientation and reaction conditions

allow their formation.

Using Phosgene: One of the first reported syntheses of 2-oxazolidone is the reaction of
ethanolamine with phosgene”. The amino group, which must have one available hydrogen
attached, has greater nucleophilicity than the hydroxyl group and the phosgene therefore
initially reacts at this group75, in almost all cases. The general reaction is shown in

Equation 20.
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R4RSC—CR2ZR3 + COCl, — > RARS5C—CR2R3 —> R4R5(|3—r—CR2R3
I

I |
OH NHRI1 OH IIIRl o NRL  (Eqn20)

=0

C |
c” Yo

o

The conditions for the above reaction vary greatly and numerous mono and bicyclic
examples have been prepared. Triphosgene has also been used successfullyw. In these

reactions the stereochemistry, if present in the amino alcohol, is not altered'® .

If the amine is a tertiary amine, in a cyclic structure, reaction of the phosgene will occur at -
the alcohol. Cyclisation is initiated using base and a bicyclic oxazolidone containing a
quaternary ammonium cation is formed as an intermediate. This structure is unstable and
the ring systems strained and therefore the one ring opens to give a substituted 2-
oxazolidone, the five membered. ring, if present in the bicyclic system, being the most
favoured™. If the two rings in the bicyclic structure are symmetrical then only one product

can form. This can be seen in Scheme 11.

The first bicyclic oxazolidones with nitrogen at the bridgehead position (anti-Bredt
Urethanes) were prepared similarly to those above’®. However, in this case secondary
amines in a cyclic structure were used. Two preparation routes are possible (Scheme 12).
The first reacts phosgene with the amine and then cyclisation is initiated by base (Path A).
In the second the amine is protected as a salt and the phosgene then reacts with the alcohol

function. Once again cyclisation is achieved by adding base (Path B).
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Path B
Scheme 12



32

Using Dialkyl Carbonates’: The reaction of a B-aminoalcohol with a dialkyl carbonate
was also one of the first methods used for preparing 2-oxazolidones. This reaction is of
great importance and is preferable to that using phosgene. This general reaction has wide
scope in the synthesis of the cyclic carbamates. The reaction occurs in two stages (Scheme
13). The first is the base catalysed addition of the amine to the dialkyl carbonate, giving
the carbamate derivative and loss of alkoxide occurring. In the second stage base catalysed
attack at the carbonyl takes place to give the cyclic product with the loss of the second
alkoxide group as the alcohol. The reaction has been shown to be overall third order, being

first order in the dialkyl carbonate and second order in the aminoalcohol.

R4RSC—CRZR3 R4R5(|3——CR2R3 |
NR!
RlNH—CR2R3—?R4R5 + (RO)CO D& HO\I + ROH —2e» O\C/NRI
C
AX,
OH RQ\) Y g + ROH
Scheme 13

Using Urea or Isocyanates™™: The reaction of a B-aminoalcohol with urea is carried out
under conditions of fusion above the melting points of the reacting compounds. The urea
decomposes to form cyanic acid which reacts with the amino group to give a P-
hydroxyethylurea derivative (39), which in turn cyclises to the oxazolidone with loss of
ammonia. Alternately the B-hydroxyethylurea (39) derivative can be formed by reacting
organic or inorganic isocyanates with the amine. Cyclisation is usually achieved by

heating, with the loss of ammonia or an amine (Scheme 14).

R4R5C—CR2R3

7N + (HN),CO

HO a1+ 2 _)2 \ R4RSC—CR2R3 R4R5(|3——CR2R3
1
HO NRY — O\C/NRI + RNH,

R4RSC—CR2R3 / 0=¢ I

/7N + RNCO \ 0
HO NHRI! R=HR NHR

(39)

Scheme 14
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Using Chloroformates: In the presence of bases chloroformates react with the amine to
give a B-hydroxy carbamate, which then cyclises with loss of an alkylhydroxide derived
originally from the chloroformate”* (Eqn 21). Pyrolysis of B-hydroxyalkylcarbamates,

. . 77
or ureas, also gives 2-oxazolidones™".

- RARC—CR2R3 R4R5CI2——$R2R3
—CR2R3 - | S
RARSC—CRZR3 ~ooor _HCL, HO IIIR };OH O _NRI
HO NHR1 base ¢ ase C
0" o |
| o
R
Equation 21

Miscellaneous: Esters of trichloroacetic acid”” have been used to facilitate cyclisation of
the f-aminoalcohols. Reaction occurs at the alcohol to form a trichloroester and then
nucleophilic attack on the carbonyl by the nitrogen occurs, with subsequent elimination of

chloroform (Eqn 22).

RINHCRZR3C(OH)R4RS + CLCOOR ~ron” [RINHCRZR3CR4R50COCCL]

R4R5<|:—<|:R2R3 R4RSC——CR2R3 (Eqn 22)
' |
0] NRI - 0] NR1
~c” -CHCl, jc\/
g ChC" OH

Bicyclic oxazolidones have also been prepared from y-aminoalcohols of cyclohexane’®
(40). The amine, or acetal, is first converted to the hydrotosylate salt (41), which is in turn
reacted with an oxycarbonyl (42) to give a carbamate (43). Cyclisation to the bicyclic |
oxazolidone (44) is facilitated by heatihg the carbamate compound (43) with litharge
(Pb;0,) (Scheme 15).
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OCcOCI
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& HOTs |, @) _PbGy
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' NHR NH; OTs NHCOO(m-MePh)

(40) 41) “3) 44)

R=H, COMe Scheme 15

1.4.4.2 MISCELLANEOUS FORMATIONS

There are numerous other ways that have been used to prepare oxazolidones.

The first production of 2-oxazolidone was achieved from a B-haloamine by Gabriel, who
reacted PB-bromoethylamine hydrobromide with silver carbonate, and later sodium

. 75,77
bicarbonate ™',

Oxazolidones have been prepared from”>:

e [-haloalcohols using urea, sodium cyanamide, carbamates, inorganic cyanates and
cyanuric acid

e epoxides using cyanuric acid, organic isocyanates, inorganic cyanates, isothiocyanates,
urea and substituted ureas, carbamates, cyanamide, the cyanide ion, dithiolanes and
oxathiolanes

e carbamates by pyrolytic, alkaline and acidic cyclisation

e 1,2-glycols using urea and urethan (H,NCOOEt)

e cyclic carbonates (2-dioxolanones) using isocyanates, formamide and ammonium
carbonate and potassium cyanide _

. acétylenic alcohols using isocyanates and amines with carbon dioxide

e acetylenic amines using carbon dioxide

e [-hydroxy isocyanates

e «o-ketols using isocyanates and potassium cyanide with ammonium carbonate

e 1,2-dihalides
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e nitrenes

e (B-hydroxyalkyl)semicarbazides
e pB-amino chloroformates

e oxazolines and oxazolinones

e 2-aminooxazolidines.

Recent reports in the literature have described the preparation of oxazolidones by the

following methods:

e the reaction of ketone oximes with dimethyl carbonate in an autoclave in the presence of
potaséium carbonate’’

e the cyclisation of 2-butenylene dicarbamates using Pd(0) as catalyst, giving 4-vinyl-2-
oxazolidones™ |

e from the rearrangement of tertiary a-allenic alcohol carbamates. This reaction occurs
on reaction of the carbamate allenic alcohol with base, followed by addition of an
electrophile, to yield 4-vinyl-5-alkyl- or substituted-2-oxazolidones with high

... 03,94,95,96
stereoselectivity .

1.4.5 REACTIONS OF OXAZOQLIDONES

The reactions of oxazolidones vary greatly and there are numerous examples. Only those
reactions affecting the oxazolidone ring itself, or where the ring plays an integral role in the
progress of a reaction, will be discussed. Reactions of groups on the ring will not be

discussed as they are outside the scope of this research.

1.4.5.1 DECOMPOSITION AND RING OPENING REACTIONS”

The five membered oxazolidone ring tends to be quite stable’’. However ring opening and
decomposition can be induced. Hydrolysis with NaOH or KOH, usually in aqueous or

alcoholic media, yields the B-aminoalcohol (Eqn 23). These alkaline hydrolyses have |
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usually been carried out to prove structure or stereochemistry. Reduction with lithium
aluminium hydride also yields the P-aminoalcohol. The cyclic carbamate ring is not

affected in attempted oxidation with permanganate77.

R4R5C——CR2R3
4R5C—CR2R3
5 NRI OH R4RSC—CRZR

C0,42- n23
- HO nppl * 0O (Fan2d

o=0

N,N’-disubstituted urea is the major product obtained when oxazolidones are reacted with
equivalent amounts of primary aliphatic amines. If aromatic primary amines or araliphatic
amines (e.g. benzylamine) are used in the reaction the products are N,N’-disubstituted urea
and a 2-imidazolidone. [B-Aminoethyl carbamate is produced when the parent compound
2-oxazolidone (i.e. R’s = H) is reacted with aqueous ammonia. 2-Oxazolidones when

reacted with hydrazines yield semicarbazides.

Reaction of oxazolidones with dilute HCl produces the hydrochlorides of the -
aminoalcohols.  Reaction with anhydrous HCl gives the hydrochloride of the B-
chloroamine. In some cases refluxing in HCI yields the B-aminoalcohol with loss of

co,”".

Pyrolysis of unsubstituted 2-oxazolidone itself yields CO, and polyethylenimine. If an
amine or polyamide is present polymerisation is prevented and the compound decomposes
to CO, and ethylenimine. There are a number of examples where N-substituted
oxazolidones when heated give low weight polymers of the correspdnding ethylenimine.
Bicyclic oxazolidones may also be polymerised using various catalysts’". The ability to .

polymerise in these systems depends largely on ring strain or stability.
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1.4.5.2 REACTIONS ON THE OXAZOLIDONE RING

Reactions on the ring occur mainly at the nitrogen. The hydrogen attached to the
endocyclic nitrogen is acidic in nature. Alkylation at the nitrogen is achieved usually
under basic conditions and the alkylating reagents have been alkyl halides, alkyl sulfates
and olefins. Ethers have also been used as alkylating agents utilising mercuric acetate
either alone, with benzoic acid, or with benzyl alcohol. Sulfuric and hydrochloric acids
have also been used as catalysts for this reaction. Acylation at the nitrogen may be
- achieved using acidic or basic media and carbamylation has been achieved using phosgene
followed by ammonia. Nitrosation of thé nitrogen has been accomplished with nitrous acid
and nitrosyl chloride. Nitration has been achieved using nitric acid either with sulfuric acid
or with acetic anhydride. The nitro group can be reduced to give the amine attached to the
endocyclic nitrogen of the oxazolidone. The nitrogen also reacts with carbonyl compounds
in the presence of additional amine to give a N-aminomethyl oxazolidone derivative.
Substituted 2-oxazolidones react, in the presence of pyridine or NEt;, with aryl isocyanates

to give carbanilides”.

Boiling 2-oxazolidone in aniline yields an imidazolidone, where the cyclic oxygen has

been replaced by the amine’’.

Stereoselective addition to the o-carbon in oxazolidones has recently been reported® .
Oxazolidones where all three possible points of substitution are substituted, with an alkoxy
group in the alpha position (45), are precursors for N-acyl iminium ions (46). Lewis acid
attack at the a-alkoxy group removes this group to give the N-acyliminium ion (46) and
subsequent nucleophilic attack yields nucleophilic substitution at the alpha position (47)
(Scheme 16). Depending on the chiral orientation of the bulky substituent at the beta
position (or the gamma position in a six membered oxazolidone) and on the reagents used

for substitution, the orientation of the substitution at the alpha position can be controlled.
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RZ, OR3 R2, H R2, Nu
".‘ ) . "o e i
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| 0]

(45) (46) “@n
Scheme 16

2-Oxazolidones, where there is no substituent on the nitrogen, are potentially tautomeric, it
being possible to have both the keto (48) and enol (49) forms present75’77. This
tautomerism appears to be weak with the keto form being the more favorable””. Little

research appears to have been done in this regard and with regard to potential reactions.

] ]

O\ﬁ/NH 4 0\? N
0 OH
(48) (49)
1.5 REARRANG CTIONS

Of all the rearrangement reactions we were able to find reported in the literature none
closely resembled the reaction we discovered in which N-monosubstituted carbamates
rearrange to secondary, or tertiary, alcohols. Previous preparations of the alcohols
prepared by 6urselves were by more traditional methods and yielded no assistance. Those
few rearrangement reactions we were able to find bearing a vague resemblance to, or

shedding some light on, our reaction are briefly discussed below.
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1.5.1 SMILES AROMATIC REARRANGEMENT

The Smiles rearrangement is an aromatic rearrangement which results in the migration of

98,99

an aromatic system from one heteroatom to another” (Scheme 17). This rearrangement

. . . . o .o 98,100
reaction in effect involves an intramolecular nucleophilic substitution™ ™.

X XH
O — (12
YH Y
Scheme 17

. 100
The mechanism

involves initial conversion of the YH function to the anion by the action
of sodium hydroxide, or other strong base, followed by nucleophilic attack of this Y
function on the carbon to which the X atom is attached. This attack results in the

displacement of the X function as its anion, which is then converted to XH.

In the original studies by Smiles the X function was a sulfone, the YH function an alcohol

and the two carbon bridge between the heteroatoms belonged to an aromatic

1OLI0Z193 " gSince then the reaction has been shown to proceed with a variety of

99,100,102,103

system
heteroatoms and heteroatom functionalities , the instances where these are N and
O having relevance for the present study. The carbon bridge does not have to belong to an
aromatic ring and may even be part of an acyclic systemloz. It may also contain a carbonyl
function, usually adjacent to the YH function and usually forming an amide'®®. When
the YH function is a NHR group, where R=acyl group, maximum reactivity is achieved.
Initially, and still most often, the aromatic ring on which the rearrangement takes place
must be activated, usually by a nitro (-NO,) group in the para position, but non-activated
aromatic systems have been used'™. Ortho and para electron withdrawing effects aid the
reaction and recently an arene chromium tricarbonyl complex system has also been used to
create an electron withdrawing environment'”. Substitution on the ring to which the
bridge belongs has varying effects. The Smiles rearrangement also occurs on the pyridyl

ring and with dipyridyl systemsm.
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The Truce-Smiles rearrangément is an interesting extension of the Smiles reaction that was
discovered in 1958'®. In this reaction the YH function is a methyl group and n-
butyllithium is used to form the anion. The X function is a sulfone and the bridge belongs
to an aromatic system. The reaction only occurs when there is a methyl group in the ortho
position to the point of attachment of the X function on the “bridge” phenyl ring. A similar

reaction occurs if the methyl group is bonded to a naphthalene system.

The transition state in the rearrangement is believed to be a spiro-transition state (50) with
the charges being dissipated, depending on the heteroatoms and the ring substituents,
between a heteroatom and the ﬁﬁg or over the ring and the activating group. Steric effects

99100103 pycessive bulk attached to the carbon

have been shown to affect the reaction
bridge or to an amine function may hinder the formation of the five-membered spiro-
transition state and thus prevent the reaction from occurringgg. It has been shown that a
methyl, or alkyl, group in the o position to the X function (or B position to the Y function)
on the “bridge” aromatic ring enhances the reaction rate'®>'®, This feature is believed to
be due to steric considerations in the formation of the transition state. The molecule takes
on a “V” shape around the X function. The two phenyl rings therefore have various
positions in the planes to take up with regards to one-another. A substituent in the o
position limits the number of conformations available and favours the formation of a
conformation in which the phenyl rings are perpendicular to each other, with the alkyl
substituent away from the other ring and not in close proximity. This means that the anion

is in a position of close proximity to the ring on which rearrangement takes place, enabling

the transition state to be readily achieved (51).

oo oo

(50) (51)



41

- . . . 103
An interesting variation on the Smiles rearrangement is a reaction reported by Backer

(Scheme 18).

NO
0§(|:/0“®7 2 OQ?/O HNQ
N\ Ol-le N\ |
oY OO ey
@ | é NO,

Scheme 18

1.5.2 PINACOL REARRANGEMENT'®

The Pinacol Rearrangement acquires its name from the rearrangement and dehydration of
pinacol (2,3-dimethyl-2,3-butanediol) to pinacolone ('tert-butyl methyl ketone) upon

treatment with mineral acids. This same rearrangement occurs in other 1,2-diols.

The rearrangement occurs in two steps, the first involving dehydration from the protonated
diol (52) to yield a carbocation (53) and the second being the rearrangement , by 1,2-shift,

of the carbocation (53) to yield the protonated ketone (54), and then ketone (55) (Scheme
19).

R R R R

| - | N
R—C—C—R R— C|I C R — H,0O + R— C C——R

OH OH OH OH2 OH

' (52) (53)

R ./

I
R—C—C—R

Il
O R @y)H 1'1
(55) (54)

Scheme 19
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The pinacol rearrangement involves migration of a group to an electron deficient carbon
centre. Due to the nature of the reaction, and particularly if the 1,2-diol contains many
different substituents, there is usually more than one reaction product. However, the
reaction product can often be predicted due to preferential carbocation formation and
preferential movement of aryl groups compared to alkyl groups. Within the aryl group
preferential migration depends on the ability of the aromatic ring to accommodate a
positive charge. This feature is due to the fact that a three membered transition state is
formed in the migration step, with the n-electrons of the aryl ring donating electrons to the
electrophilic centre. This transition state is analogous to the intermediate in aromatic

electrophilic substitution, with creation of the benzenonium ion (56).

VAN

(56)

1.5.3 HOFMANN REARRANGEMENT!"

The Hofmann rearrangement is essentially the degradation of an amide to an amine (Eqn

24).

0
7 OBr

R—C _OBr o RN 2 24
\NH2 H,0/ OH® Ho + COy (Eqn 24)

In this reaction rearrangement occurs with the migration of the alkyl group originally
attached to the carbonyl portion of the amide to the nitrogen. The mechanism of the

rearrangement is believed to be as follows (Scheme 20):
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H

; 20H° ]
R—NH, + CO052 <S5 RN=C=0 + Br
2

Scheme 20

The first steps involve removal of the hydrogens and halogenation of the nitrogen. In the
next stage the 1,2-shift of the alkyl group occurs to the nitrogen, which is electron deficient
due to the departure of the halogen, creating an isocyanate. This rearrangement is believed
to be a concerted process. The last stage involved the hydrolysis of the isocyanate to the
amine and carbonate. In an absence of water the last stage does not occur. The
rearrangement reaction is intramolecular in nature and the stereochemistry of the migrating

group is generally maintained.

The three membered transition state is also believed to occur in the Hofmann
rearrangement, including the creation of the benzenonium ion (56) if the migrating group is

aromatic in character.

1.5.4 CURTIUS REARRANGEMENT!%%

The decomposition of acid azides, acid hydrazides and acyl azides to isocyanates and
nitrogen is known as the Curtius rearrangement (Eqn 25). This rearrangement therefore is
a preparative method for isocyanates and compounds derived therefrom. If the Curtius
rearrangement is coupled with a hydrolytic step it provides a procedure for the replacement
of a carboxyl group by an amino group, this process of converting an acid through its azide

to the amine being referred to as the Curtius reaction (Eqn 26).
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RCON; —>» RN=C=0 + N, (Eqn 25)

RCO,H —» RCON; —» RN=C=0 ——» RNH, (Equn26)

Carbamates do not react readily with azides, but the corresponding carbamyl chlorides do.
The resultant semicarbazide, from O-carbamates, or substituted semicarbazide, from N-
and O-carbamates, yields carbamyl azides with nitrous acid. The azide derived from
carbamic acid rearranges only with difficulty and monosubstituted carbamyl azides
(RNHCON;,) do not rearrange. This is believed to be due to the formation of an isourea
structure - RN=C(OH)N;. The disubstituted carbamyl azides rearrange and this
rearrangement is facilitated if one of the substituents is aromatic, cyclisation to the ring

usually following rearrangement.

1.5.5 WALLACH AZOXYBENZENE REARRANGEMENT!!°

The Wallach azoxybenzene rearrangement, simply and generally, involves the conversion
of azoxybenzene (57) into p-hydroxyazobenzene (58), by migration of the oxygen, on

addition of concentrated sulfuric acid (Scheme 21).

OH
Q. O = Q. 1O
=N 4 N=N
O/ .

57 (58)
Scheme 21
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1.5.6 LOSSEN REARRANGEMENT!!!"!12

The Lossen rearrangement allows for the rearrangement of O-acyl hydroxamic acid
derivatives (59), via isocyanates, with base or heat to amines or urea derivatives. Like the
Curtius reaction it also allows for the conversion of a carboxylic acid, through the
hydroxamic acid, to an amine. An example of the rearrangement, including the

mechanism, is shown below (Scheme 22).

®
g R
RCONOCOR! + KOH — RCONOCOR! +H,0

(59) l

0 ©
RICO, K" + RNCO <—— H K®

A\
R---*N---O—CORI

Scheme 22
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2. DISCUSSION

2.1 CHIRAL INDUCTION IN CARBAMATE

The initial aim of this Masters project was to obtain and determine chiral induction across
the carbamate linkage using chiral amines. To date little success has been achieved in
obtaining induced chirality in a carbamate system (See 1.2). An ideal situation would be to
use the chirality inherent in one portion of the molecule to induce chirality in another
portion (asymmetric induction), particularly if the initial chirality was needed in future
stages of the reaction scheme or in the final product. Chirality in carbamates is needed as
many carbamate compounds are, or are used as precursors for, biologically active
compounds, it being well known that nature tends to be chiral specific. For this reason

chiral induction in carbamates is of interest and worthy of investigation.

Initially chiral induction was to be attempted using the more stable and bulky benzyl
carbamate. The benzyl carbamate is not as prone to side reactions as are other alkyl or
alkenyl systems. Molecular modelling studies showed the benzyl carbamate system to be
conformationally stable in nature and to exist favourably in only a few conformations.
Because of this more ridged nature and due to the bulk of the phenyl ring the chance of
achieving successful chiral induction is greater. This may be achieved by either
asymmetric induction from another portion of the molecule, due to the more limited
configurations of this part of the molecule in relation to the benzyl configuration and the
phenyl bulk, or from the use of chiral proton abstraction agents as these would have limited
angles of approach to the benzylic protons due to the phenyl ring and the rest of the
molecule. Methods are known for the ready removal of carbamates, allowing for cleavage

of the amine once chiral induction had been achieved.

The envisaged approach was to prepare chiral secondary amines and then use.these to form
the carbamate. Chiral induction was to be tested by determining if butyllithium, or LDA, if
the additional steric bulk became necessary, would preferentially abstract one of the

benzylic protons, and the resultant anion reacted with, for example, TMSCI (Scheme 23).
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Scheme 23

After an initial search through the available literature it became obvious that numerous
chiral amines had been prepared, although many of these preparations were not simple. It
was decided to choose a few of the more promising examples and model them using the

computer programme ALCHEMY'"

and molecular models to determine which of these
examples would theoretically give good chiral induction. It became immediately obvious
that for there to be any hope of success the chiral centre had to be preferably a to the
nitrogen of the amine and that the major group attached to this point had to be a minimum
of three carbons long. If the chiral centre moved B° to the nitrogen the attached group had
to be much longer and far more bulky. Phenyl groups or ring systems B to the nitrogen
(60) appeared to show more promise than alkyl chains as their position was more fixed,
unlike the flexible alkyl chains. Based on the above conditions most of the chiral amines
mentioned in the literature had to be abandoned.

B

o

N" B

(60)

One group of molecules that showed some hope of success was the one that had been used
as oxazaborolidines for the chiral reduction of ketones, the compound o,o-diphenyl-2-
pyrrolidinemethanol (61) showing particular promise and appearing simple to prepare. It
was therefore decided to start with this molecule and further compounds would be chosen

according to the success of this compound.

Ph

(A
OH

H
(61)
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2.1.1 PREPARATION OF BENZYL 2-(HYDROXYDIPHENYLMETHYL)-
OLIDINE-1-CARBOXYLATE (64

There are a number of procedures in the literature for the preparation of this compound (or

the de-carbamated form thereof (61))36’ 14,115,

Initial attempts to prepare the desired compound were based on a recent publication by
Kanth and Periasa.myll6 where they detail a shortened two step procedure using proline

(62) as the starting compound (Scheme 24).

Ph\ Ph
/
O/COOH PhCH,OCOCI - O/COOCH3 PhMgBr > C\
N CH;0H, K,C0; N N OH
H I I
COOCH,Ph COOCH,Ph
(62) (63) (64)
Scheme 24

The first step of this reaction sequence was repeated a number of times, but on all
occasions the GC-MS results were inconclusive and the NMR spectra did not correspond
to the required N and O protected molecule (63), as there always appeared to be
unnecessary peaks present, particularly in the 83,5 region of the 'H spectrum and a
doubling up of peaks in the BC spectrum. Owing to this and the belief that the reaction
was unsuccessful the above preparation procedure was abandoned and a multiple single

step reaction strategy followed instead (Scheme 25).

The preparation of N-benzyloxycarbohyl-L-proline (65) was readily achieved by the

117

reaction of L-proline (62) with benzyl chloroformate . The methyl ester (63) was formed

by reaction of the N-protected proline with diazomethane''® (made from N-methyl-N-

119

nitrosourea''®). A Grignard reaction''® on this product yielded the desired product of the

benzyl 2-(hydroxydiphenylmethyl)pyrrolidine-1-carboxylate (64) in good yield.
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Q/é/ o Q/COOCH3
ou __ 2PhMgBr/ THF
| |
070" ph 070" ph
(64) (63)

Scheme 25

Upon analysis of these reaction intermediates it was realised that the initial reaction
scheme (Scheme 24) tried had probably worked, as the same NMR spectra were obtained
for the methyl ester (63). Kanth and Periasamy''® do not quote the occurrence of these
excess peaks in their paper. These additional, or doubled-up peaks, in the NMR spectra of
the carbamate protected proline methyl ester (63) could be due to conformational
isomerism, due to the flexibility of the proline structure. This movement is readily seen in
a model with the five-membered proline ring structure being able to twist and bend around
its major plane into two conformations, with the methyl group being in two distinct and
different environments. However, these additional peaks are more likely explained by the
occurrence of rotamers'”’. This would occur when the compound was in two distinct
conformations which interconvert slowly on the NMR timescale. Due to the pyrrolidine
ring the amide portion of the carbamate bond is limited in the number of orientations it can
assume, and thus also the bénzyl carbamate portion This orientation prevents the free
rotation of the methyl ester group, which will cause the methoxy portion to exist in mainly
two conformations, these being when it is situated above and below the plane of the proline
structure. Hence two sets of peaks are observed in the NMR spectra. Variable temperature

NMR studies would have possibly allowed for further elucidation of this phenomenon.
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All that remained was to protect the alcohol, as this would interfere with the chiral

abstraction of the benzylic proton by BuLi. This step; however, proved to be far more

difficult than expected and ultimately could not be achieved. The following protections

were attempted:

e methyl protection with diazomethane in ether and with diazomethane and a neutral
alumina ca’calyst121

¢ benzyl protection using DCC and benzoic acid in dichloromethane

e methyl protection with methyl iodide

¢ methyl protection with Me,SO, and K,CO; in acetone' >

e tetrahydropyranyl protection123

e ethyl vinyl ether protection with PPTS in dichloromethane'**

¢ phenyl ester protection with benzoyl chloride and triethylamine

e benzyl ether protection using benzyl chloride and triethylamine and using benzyl
chloride and silver oxide catalyst in DMF'®.

None of the above protections was successful, as the required product could not be

isolated.

Protection with many other groups, such as the TMS group, were not attempted as
modelling studies showed that the conformation of the molecule would be changed to such

an extent that chiral induction did not look feasible.

The reason for protection not being successful cannot be explained as modelling studies
showed that there should have been sufficient space for protection to occur; however the
reason could still have been steric hindrance. It is also generally known that tertiary
alcohols are the lb_east reactive in the alcohol series, which may also account for difficulty in

achieving successful protection reactions.

No basic or basic medium protections could be attempted due to the occurrence of a trans-
carbamation type reaction. This reaction became evident from GC-MS analysis data and

was also proven by chemical means (to be discussed later in 2.2).
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It was very unfortunate that no protection of the alcohol could be achieved as in the proton
NMR spectrum of the benzyl 2-(hydroxydiphenylmethyl)pyrrolidine-1-carboxylate (64)
molecule the two benzylic protons (65.10 - 85.17) were already appearing in a split pattern,
showing that these protons were not equivalent. Should the alcohol have been protected it

follows that chiral induction may have been successful, to some degree at least.

At this point it was decided to abandon studies with this molecule and attempt other
molecules before returning to this one and attempting the lengthy procedure of removing

the carbamate, protecting the alcohol and then replacing the carbamate.
Due to the difficulty of protecting this alcohol, it was decided in future to avoid all similar

molecules, such as a-phenylpyrrolidinemethanol'* (66) and (S)-a,a-diphenyl-(indolin-2-

yl)me’chanol59 (67), when choosing compounds for attempted chiral induction.

Ph ‘ Ph
()4 :
OH

(66) ©67)

2.1.2 PREPARATION OF 2-(1-PHENYLCYCLOPENTYI )-4.4.6-TRIMETHYL-
TETRAHYDRO-1,3-OXAZINE (72)

Due to the difficulties encountered in achieving results in the previous compound it was
decided to attempt the reaction sequence shown in Scheme 26, using a racemic substrate to
determine the success of the preparative route. Should the reactions be successful a chiral
analogue would be prepared to determine the success of chiral induction. The title
compound (72) is an oxazine and is structurally weighted on one side and modelling
studies showed that this type of structure might give some success at a later stage for chiral

induction.
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The 2-(1-phenylcyclopentyl)-4,4,6-trimethyltetrahydro-1,3-0xazine (72) was prepared
using the tried and tested method of Politzer and Meyers'”’ (Scheme 26).

CHj
C///

o s f N\ _mso, o
CHs TN oc  CHj /
OH OH CH; N7
(68) (69) (70)

+
Br\/\/\
Br
CHj; CH,
o lBuLi
Ph 0 »
CH, < NaBH,/00C , h
N THF / EtOH = BuLi
(72) (71)
Scheme 26

The synthesis was readily completed, except for the fact that the high yields that the
authors claimed could never be attained. In the first stage for the preparation of the 2;
benzyl-4,4,6-trimethyl-5,6-dihydro-1,3(4H)-oxazine (70), phenyl acetonitrile (69) had to be
added extremely slowly to sulfuric acid at 0-5°C, after which 2-methyl-2,4-pentanediol
(68) was added extremely slowly once again to keep the reaction temperature at a
minimum. In contrast to the method given, after pouring this reaction mixture over ice no
organic washes could be made as these washed the desired product (70) from the reaction.
The entire solution was made alkaline with a sodium hydroxide solution and then
extracted. Purification was achieved by Kugelrohr distillation to give a disappointing

yield.
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The attachment of the cyclopentyl portion was readily achieved, the first anion colour on
addition of the BuLi being the expected dark orange and the second anion colour being an
unexpected bright emerald green. For the hydrogenation step the reaction conditions had

to be altered from -45°C to 0°C to avoid the occurrence of a binary phase system.

The final step in preparation of the compound was the conversion of the amine to the
carbamate. Unfortunately after many attempts using different methods this could not be
achieved as in each case the 2-(1-phenylcyclopentyl)-4,4,6-trimethyltetrahydro-1,3-oxazine
(72) molecule disintegrated into numerous, mostly unidentifiable, fragments. Those that
could be identified were 1-phenylcyclopentanecarboxaldehyde and 2-methyl-24-
pentanediol, these being the products of acidic cleavage of the oxirane. Methods attempted
to add the benzyl chloroformate included the use of the bases triethylamine, sodium

hydride and DABCO as catalysts.

Once again the molecule had to be abandoned and further ones sought in an attempt to

achieve the aim of obtaining and determining chiral induction.

2.1.3 FURTHER ATTEMPTS AT CHIRAL INDUCTION

It was observed from molecular models and using the ALCHEMY'" modelling
programme that the biphenyl structure was bulky and that the unsubstituted phenyl ring, in
its minimum energy conformation, was in a perpendicular position in relation to the
substituted phenyl ring and moieties attached to this ring. These studies showed that the 2-
aminobiphenyl molecule (73) and derived structures showed some promise due to the close
proximity of the second phenyl ring to the benzylic carbon. It was therefore decided to
make an attempt using this molecule, by forming the carbamate (73) and substituting the
other hydrogen of the amine with various electrophiles, to determine if this structure (74)
would give a predicted result that could be expanded on. Chiral moieties could then be

attached to either of the phenyl rings or a chiral structure substituted on the nitrogen,
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H
N\C/O N\ﬁ/o
i j

(73) 74

Initial attempts to alkylate the amine with the benzyl group prior to carbamate formation
proved unsuccessful, and it was decided to initially form the carbamate and then substitute
the now more activated hydrogen on the nitrogen in the second stage. It was also decided
to avoid in future alkylating groups such as the benzyl group due to the presence of the
acidic protons adjacent to the phenyl ring which were likely to cause interference in the

chiral induction step (by abstraction with BuLi).

The formation of the carbamate (73) was readily achieved by reacting the primary amine
with benzyl chloroformate, in THF, with the presence of sodium hydride. It was then
decided to introduce the cyclohexyl group, for its bulk, onto the nitrogen of the carbamate.
Introduction of the preferabble phenyl group could not be attempted due to its inability to
act as an electrophile (i.e. to have nucleophilic attack on the phenyl ring by the nitrogen ion
in the carbamate). In addition, the cyclohexyl ring does not posses acidic protons, and the

structure would therefore not interfere in the proton abstraction reaction step.

The substitution reaction was attempted at -78°C using BuLi. The desired product was not
obtained although, surprisingly, a low yield of the carbamate benzylic substituted product,
N-2-(1,1’-biphenyl) (cyclohexylphenyl)methyl carbamate (75), was isolated, opposing the
theory that the N-monosubstituted carbamate amine hydrogen was the more acidic by far.
The reason that this substitution did not take place could have been steric hindrance,
although this should not have posed a problem. However, it was decided to attempt the
same reaction, but at 0°C, to determine if the carbamate could be N-alkylated at this higher

temperature. The desired product was once again not obtained but a good yield of a
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surprise product, 1’-phenyldiphenylmethanol (76), was obtained giving rise to evidence of

a new rearrangement reaction (to be discussed in detail in 2.3).

H OH

N\C _0
” O ‘
@]

(75 (76)

2.1.4 CONCILUSION

Due to the emergence of the above rearrangement reaction it was decided to study it further
and abandon attempts at chiral induction, returning to this topic at a later stage if time
allowed. The initial aim of the Master’s project, of chiral induction across the carbamate
linkage using chiral amines, was therefore never realised, but the investigation therein
yielded two interesting categories of research, namely the trans-carbamation cyclisation

reaction and the carbamate to alcohol rearrangement.
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2.2 FORMATION AND PREPARATION OF OXAZOLIDONES (CYCLIC
C AMATE
2.2.1 3-OXA-1-AZA-44-DIPHEN ICYCLO[3. N-2-ONE (7

Evidence for a trams-carbamation type reaction to give an oxazolidone, or cyclic
carbamate, first appeared in the  preparation of the benzyl 2-
(hydroxydiphenylmethyl)pyrrolidine-1-carboxylate (64) compound. In GC-MS analysis of
the compound no molecular ion peak could be obtained, but rather two peaks were
observed, one with molecular mass of 108 and the other with molecular mass of 297. The
fragmentation patterns correlated well with those predicted for benzyl alcohol and the
cyclised elimination product, 3-oxa-1-aza-4,4-diphenylbicyclo[3.3.0]octan-2-one (77),

respectively.

To test the theory of this frans-carbamation type elimination reaction by chemical means,
and not thermal as in the GC-MS occurrence, it was decided to react benzyl 2-
(hydroxydiphenylmethyl)pyrrolidine-1-carboxylate (64) with sodium hydride, as a base,
and determine if the cyclisation occurred (Scheme 27). TLC analysis of this reaction
showed that the desired reaction had taken place in high yield and this was confirmed by

product analysis after separation.

C
~o0 04 C_O/' = O//
S | + PhCH,0H

(64) (7
Scheme 27 '
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The above reaction mechanism (Scheme 27) is suggested by Kanth and Periasamy116 fora
portion of the elimination reaction of the carbamate protecting group in the preparation of
a,a-diphenyl-2-pyrrolidinemethanol (61), with the oxazolidone (77) as a predicted
intermediate. However, their reaction takes place under very strongly basic conditions and
therefore goes to completion for the hydrolytic elimination. Due to our milder conditions
we were able to obtain the oxazolidone (77), the intermediate in the_ reaction for the

~ elimination of the carbamate protecting group.

An extensive search of the literature indicated that this compound, 3-oxa-1-aza-4,4-
diphenylbicyclo[3.3.0]octan-2-one (77), had not been prepared before, as well as the fact
that the formation of oxazolidones by this trans-carbamation type reaction using sodium
hydride was not reported, although the formation of oxazolidones from protected p-amino

alcohols is one of the most common methods for their synthesis (see 1.4.4.1).

Under the impression that this compound was newly synthesised an extensive structural
characterisation study was undertaken and a crystal structure analysis finally proved our
findings, also bringing to light some interesting aspects to the conformation of this
molecule. The crystal analysis structure may be seen in diag. 1. The bicyclic portion of
the molecule sits in a butterfly shape with the angle between carbons 4, 5 and 6 being
120.6°. The angle between the two phenyl rings is 78.3° and the angle of the two bonds to
the phenyl rings at carbon 4 is 109.6°. Presumably due to the presence of the phenyl rings
this molecule has an exceptionally large polarisability, with the [oc]D27 value being -215.1

(0.5058 /100 ml).

A few months after completing our studies of this compound a publication by Delauhay
and Le Corre” appeared, only later discovered by ourselves, in which they describe their
isolation of this oxazolidone intermediate (77). However, their preparation is via a
different procedure, using that of Kanth and Periasamy116 but using a much weaker basic

solution (of KOH) and carrying out the reaction at room temperature and not at reflux.



DIAGRAM 1: ORTEP diagram of 3-Oxa-1-aza-4,4-diphenylbicyclo[3.3.0]octan-2-one (77)

8¢S
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From TLC analysis of the initial Grignard reaction for the formation of the benzyl 2-
(hydroxydiphenylmethyl)pyrrolidine-1-carboxylate (64) it was obvious that this cyclisation
reaction was occurring as a minor side reaction under the conditions of the Grignard
reaction. It was our experience that this frans-carbamation elimination cyclisation reaction

occurred very readily in this compound.

Due to the unusual nature of this reaction it was decided to investigate it further, in
conjunction with the then chiral induction studies and later the rearrangement studies. The
generality of this reaction was to be investigated and this was begun by attempting to form

an unsubstituted bicyclic oxazolidone, 3-oxa-1-azabicyclo[3.3.0]octan-2-one (78).

2.2.2 FURTHER STUDIES ON CYCLIC CARBAMATE FORMATION

The preparation of the simple/unsubstituted bicyclic oxazolidone (78) did not prove as
simple, or occur as readily, as was the case with the substituted derivative. Two methods

were attempted for its preparation (Path A and B of Scheme 28)

Initial attempts to form the carbamate of prolinol via an adaptation of the method used to
form the carbamate from proline117 were not successful. The reaction of prolinol (79) and
benzyl chloroformate was then carried out in THF using sodium hydride. The reaction to
form the carbamate (80) was observed to have occurred by TLC analysis and by NMR
analysis of the unpurified products of the reaction, evidenced by the benzylic proton shift
frqm 04.8 to 85.12. These unpurified products were dissolved in THF once again and a
further equivalent of sodium hydride added to initiate cyclisation (Path B) - but to no
effect. It was decided to try a more direct one pot method (Path A) and the first stage of
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the reaction was repeated, except in this case no work-up was undertaken, and the second
equivalent of sodium hydride was added directly to the reaction mixture after it had been
stirring for an hour. In both instances reaction appeared to have occurred to some degree,
as could be seen by GC-MS and NMR analysis, but even after numerous attempts none of

the oxazolidone (78) could be isolated.

' Path A
CH
Q’ CHOH 1 PhCH,0COCI/NaH Q’ I 2

H 2. NaH \C/ O
(79) 74
(78)
PhCH,0COCI
NaH .
Q/CHZOH NaH
¢
04 ~ O/\Ph
(80)
Path B
Scheme 28

It was the belief of Delauhay and Le Corre”, which they subsequently proved incorrect,
that the cyclisation reaction to form the oxazolidones was dependenf on the nature of the -
carbamate O-alkyl portion. The results of their study for the cyclisation of the N-
carbamate protected B-amino alcohols are summarised in Table 1. It was our theory,
which was never proved, that the lack of success in the formation of the unsubstituted
oxazolidone in comparison to the ease of formation of the diphenyl substituted compound
lay in the fact of unsubstitution i.e. the difference between a primary and a tertiary alcohol.
Possibly, without the presence of electron donating and stabilising groups, such as the
phenyl group, for the oxygen ion, attack on the carbonyl and the stability of the
intermediates is not as successful. This theory is, in essence, supported by the results of
Delauhay and Le Corre who quote lower yields for the less electron-donating alkyl
substituted compounds in comparison to the aryl substituted compound, as can be seen in

Table 1. No reference is made to the unsubstituted oxazolidone.
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Table 1: Preparation of oxazolidones by base cyclisation of N-protected 3-amino

alcohols™.

o O
R R | Yidd(%)
Me Ph 92
Me Et 75
Me Bu 70
Me 2-Naphthyl | 80
Et Ph | 94
CH,Ph | Ph 93

Attempts to create a bicyclic oxazolidone from pyrrole and pyrrole-2-carboxaldehyde were

abandoned due to the inherent instability of the pyrrole ring and its rapid polymerisation.

As the preparation procedure for the oxazolidones had not been reported before it was
decided to test the methodology on an acyclic compound that should rapidly undergo
cyclisation, namely the carbamate derivative of ephedrine (81). The ephedrine oxazolidone
(82) is well documented in the literature, prepared by other means from the B-amino
alcohol and other methods'®®. It was initially decided to attempt this synthesis as a two

stage one pot synthesis (Scheme 29).

CH, CH; CH,
CH +Ph CH Ph CH '
NN PhCH,0COCI/ NaH NN NaH NN
H | lc ....... Ph
OH C OH v

04 \O 04 \O

PhCHZ/ - +PhCH,0OH
t:2)) (82)

Scheme 29
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TLC analysis of the first stage showed that a reaction had occurred in good yield and the
second equivalent of NaH was added. Analysis of the reaction products showed an
incomplete cyclisation, there being both the N-benzyloxycarbonylephidrine (81) and the
required 3,4-dimethyl-5-phenyl-2-oxazolidone (82) present, the oxazolidone in the greatest

yield.

Our methodology proved to be effective in a general case. (It was decided not to attempt to
increase the yield of the monocyclic oxazolidone by a two pot reaction as the one pot

reaction had furnished the desired result).

The occurrence of bicyclic oxazolidones, particularly those with nitrogen at the bridgehead
position, is not extensively reported in the literature”® (see 1.4.1 &.3). It was decided to
see what further examples could be prepared in this class, investigating whether the
reaction went in preference when the alkyl ring, containing the N, was saturated or
unsaturated (therefore being flexible or rigid), or when it was composed of five or six (or
more) member atoms and if it was possible to place a hetero-atom close to the bridge
position. The cyclic portion containing the carbamate linkage is already known to be five

. 79
membered in preference”.

Due to the ready availability of imidazole further investigations were to begin at this point.
The preparation of the carbamate (83) from imidazole was readily achieved by reaction of

imidazole with benzyl chloroformate in the presence of NaH (Scheme 30).

[\ A\
\ PhCH,0COCI/NaH _ \
{ 3 mosoman, {3
H I

575 CHPR

(83)
Scheme 30
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Substitution of an aldehyde group at the 2-position, on which a Grignard reaction was to be
carried out to produce the alcohol for cyclisation, did not readily occur using DMF and
BuLi. At this stage these studies were abandoned in favour of the carbamate to alcohol

rearrangement reaction.

2.2.3 CONCLUSION

Initial studies show that induced cyclisation of N-carbamate protected p-amino alcohols
with sodium hydride (NaH) is successful and should prove to be general. Studies also
indicate that the ease of cyclisation and the stability of the product may depend on the
substituents attached to the carbon to which the alcohol is a{tached. The scope of products

would, of course, also depend on the ease with which the B-aminoalcohol could be formed.

2.3 REARRANGEMENT OF N-MONOSUBSTITUTED CARBAMATES TO
ALCOHOLS

2.3.1 INITIAL DISCOVERY

As mentioned previously, this surprise rearrangement and elimination reaction came to
light when attempting to substitute the last hydrogen on the nitrogen of N-(2-biphenyl)
benzyl carbamate (73) (page 54). The reaction was carried out at 0°C, using one equivalent
of BulLi to abstract this last proton. However, instead of the desired substitution reaction
taking place to give (75), a good yield (64%) of an unknown product (76), with molecular
mass shown to be 260 by GC-MS, was obtained (Scheme 31). Careful analysis of the
mass spectrum showed that this compound could have the structure of 1’-
phenyldiphenylmethanol (76). NMR and IR analysis supported this conclusion. The 'H
NMR spectrum consisted of the peaks in the phenyl region, as expected, and only two
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other peaks - one at 85.89 and one much further upfield at approximately 52.2, both with
integral of one proton. The '3C NMR spectrum consisted of only the aromatic carbons and
one additional peak at 872, which was indicated to be a methine carbon. Analysis of the
proton spectrum aftér deuterated water exchange showed exchange with the peak at §2.2,
suggesting this peak to be due to an alcohol. The IR spectrum showed a broad absorption

band in the alcohol region at 3420 cm’™.

J, L :Q

(73) (75)

| OH

(76)
Scheme 31

As this rearrangement reaction had taken place in the presence of bromocyclohexane, the
substituent we had hoped would be substituted on the nitrogen, it was decided to repeat the
reaction with only BuLi being added (Scheme 32). Once again the secondary alcohol, 1°-

phenyldiphenylmethanol (1’-phenylbenzhydrol or (2-biphenyl)phenylmethanol) (76), was
obtained in the same yield as that previously obtained.

H BuLi
N\C/ © 00C
Il
0

(73) (76)
Scheme 32
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As it was unknown to which position on the biphenyl system the rearrangement was
occurring, and to determine if this reaction was more general, it was decided to attempt the
reaction using the carbamate derivative of aniline (N-phenyl benzyl carbamate (84)). Once
again the rearrangement and elimination reaction occurred, the yield of diphenylmethanol
(85) (56% by GC peak integration) being in the same region as that obtained for the N-2-
biphenyl benzyl carbamate (73).

In an attempt to increase the yield of this rearrangement reaction the reaction was repeated,
using N-phenyl benzyl carbamate (84), using two equivalents of BuLi, and not one as
previously used (Scheme 33). The yield increased to approximately 95% (by GC peak
integration), the recovered yield being 71%. From this increase in yield it was deduced
that the rearrangement reaction mechanism obviously required two equivalents of BuLi.

All subsequent reactions were therefore carried out using two equivalents of BuLi.

OH
H 2BuLi
J A e U

O
84) (85)
Scheme 33
2.3.2 MECHANISTIC CONSIDERATIONS

As the mechanism, and the generality, of this rearrangement and elimination reaction were
not known it was decided to prepare a range of N-monosubstituted carbamates, including
both aromatic and alkyl substituents attached to the nitrogen (N-carbamates). The butyl
series, (86), (89) and (92), was chosen to determine (a) if the reaction occurred with alkyl
substituents and (b) how many members/étoms the presumed cyclic reaction intermediate
contained. This was to be determined by which position was substituted, the NMR spectra

- of the potential products being sufficiently unique to distinguish this fact (Scheme 34). If
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the reaction intermediate was a five membered cyclic structure then compounds (87), (90)

and (91) would be expected. If the reaction intermediate was six membered then

compounds (88), (91) and (90) would be obtained.

. OH OH
CH TI;II (0] Ph CH \/\)\
NN \ﬁ/ ~ 3 Ph OR CH, Ph
0 CH,3
(86) 87 - (88)
0 OH
Il CH; OH
CH C CH;
3ﬁ/\N/ ~ O/\Ph —_— )\)\ OR Ph
H CH; Ph CH; CH,
CH;
(89 (90) 1
OH
CH; OH
CHy H Oo_ _Ph CH
NN L ; mooor . L
CH, [ CHy” ey CH; Ph
CH3 O 3
(92) 91) (90)

Scheme 34

The cyclohexyl derivative, N-cyclohexyl benzyl carbamate (93), was chosen due to its
alkyl, yet cyclic, character. The benzyl derivative, N-benzyl benzyl carbamate (94), was
chosen due to its more alkyl than aromatic nature and to determine the reaction
intermediate, if the reaction occurred, by the product formed. The naphthalene derivative,

N-a-naphthyl benzyl carbamate (95) was used as another aromatic éxample.

CL “ Qv e ~

93) o9 95)
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None of the reactions of the N-alkyl derivatives was successful, a number of unidentifiable
products being produced and not the desired rearrangement product. The reaction with
naphthalene was successful, the yield of (a-naphthyl)phenylmethanol (96) being on a par

to those of the other aromatic compounds (62%).

O I

(96)

As none of the reactions involving the substituents that were to have given clues to the
reaction mechanism and intermediate were successful, an aromatic compound containing a
marker was chosen, namely the benzyl carbamate derivative of p-chloroaniline (97). The
position of the rearrangement would be readily recognisable due to the NMR splitting
pattern in the phenyl region. In this compound the chlorine has a weak electron-
withdrawing effect. To determine if the reaction went in preference when there was an
electron-withdrawing or an electron-donating effect the benzyl carbamate derivative of p-

toluidine (99) was also prepared.

NHCOOCH,Ph
S JRe
Cl

7 (98)

: NHCOOCH,Ph
HsC

¥9) | (100)
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The rearrangement reactions for the above compounds were successful, producing (p-
chlorophenyl)phenylmethanol (98) and (p-methylphenyl)phenylmethanol (100). However
the reactions were not as clean as those involving unsubstituted aromatic carbamates, there
being numerous other unidentifiable products formed. As a result the .yields of required
product were low (approximately 14% for the methyl substituted (100) and approximately
10% for the chlorine substituted (98)). A reason for the drastic decrease in yield, except
that of side reactions occurring at the substituent, could not be found and it appeared that
electron-donating or withdrawing effects made little difference in comparison with one
another. It may be possible to suggest that the para-substitution, or the substitution itself,
caused the decrease in yield, but then the good yield obtained for the ortho-phenyl
substituted compound (76) cannot be explained (unless the position is of particular
importance). It has been shown in the Smiles aromatic rearrangement that bulky groups in
the ortho-position decrease the number of transition state structures and enhance the close
proximity of the three important rearrangement participants, thus enhancing reaction

100,103

probability and rate (see 1.5.1) These results may be analogous in this.

rearrangement reaction.

Analysis of the products, by NMR, showed that the rearrangement substitution had taken
place in the para position, in relation to the marker, i.e. onto the same position as the
nitrogen had been attached. This suggested a five membered cyclic reaction intermediate.

(Mechanistic details will be discussed at a later stage in 2.3.8)

2.3.3 INTRODUCING A HETERO-ATOM

The studies were extended to aromatic systems containing a hetero-atom to determine if
the rearrangement still occurred in these examples and if the hetero-atom had any effect on
the reaction.  First N-4-pyridyl benzyl carbamate (101) was prepared, from 4-
aminopyridine, and the rearrangement reaction attempted.  The reaction occurred
successfully with a moderate yield (35%) of (4-pyridyl)phenylmethanol (102) being

produced. As this reaction had been successful it was decided to change the position of the
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hetero-atom and determine the effect, if any. The benzyl carbamate derivative of 2-
aminopyridine, N-2-pyridyl benzyl carbamate (103) was prepared and once again the
reaction was successful, (2-pyridyl)phenylmethanol (104) being formed. In the case of the
N-4-pyridyl benzyl carbamate (101) the yield of secondary alcohol (102) was
approximately 10% greater than in the case of the N-2-pyridyl benzyl carbamate (103).
Unfortunately, due to the lack of ready availability of 3-aminopyridine, the effects of the

hetero-atom in the meta position could not be ascertained.

NHCOOCH,Ph o
/ 2

| /‘
N
8 N\

(101 (102)
OH
[:jfT/NHCOOCHﬂm [ii:T/l\T:::]
N “ LI
(103) (104)

2.3.4 OTHER CARBAMATE DERIVATIVE

Thus far in the studies only the benzyl carbamate had been used and it was decided to
determine if this rearrangement reactioﬁ would occur with other O-carbamate moieties.
The allyl carbamates bf aniline and p-chloroaniline, N-pheny] allyl carbamate (105) and N-
p-chlorophenyl allyl carbamate (106) respectively, were prepared. N-naphthyl cinnamyl

carbamate (107) was also prepared, by the reaction of naphthylisocyanate with cinnamyl

alcohol.
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The rearrangefnent was successful in the case of N-phenyl allyl carbamate (105), giving 1-
phenylprop-2-en-1-ol (108). However the yield was very low, as could be seen by GC-MS
analysis, and no product could actually be isolated. The reaction was not a clean one and
numerous side reactions on the allyl portion obviously occurred. The reaction involving

the N-p-chlorophenyl allyl carbamate (106) was not successful.

The rearrangement of the N-naphthyl cinnamyl carbamate (107) was far more successful

with the required product, 1-(a-naphthyl)-3-phenylprop-2-en-1-ol (109), being formed in

40% yield.
OH O OH
RORad

(108) (109)

2.3.5 ATTEMPTS TO OBTAIN REARRANGEMENT TO A TERTIARY ALCOHOL

As the above reactions had shown some success it was decided to expand the study further
to a compound that was substituted at the point of rearrangement in the carbamate portion
of the molecule, namely N-phenyl 1-phenylethyl carbamate (110). This compound was |
prepared by reaction of two equivalents of BuLi with N-phenyl benzyl carbamate (84) at -
78°C, with subsequent addition of iodomethane (see 1°** half of Scheme 35). Unfortunately
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the product (110) could not be successfully separated from the starting material (84) and

this mixture had to be used when attempting the rearrangement reaction.

The rearrangement (2" half Scheme 35) was successful but occurred in low yield (10%).
The tertiary alcohol product, 1,1-diphenylethanol (111), was easily separated from other
products and the secondary alcohol (diphenylmethanol (85) formed from the starting

material).

Attempts to prepare the tertiary alcohol by a two stage one pot reaction (Scheme 35) from
N-phenyl benzyl carbamate (84) gave a mixture of products and a lower yield of the
tertiary alcohol, as evidenced by GC-MS results. |

\C/O\/Ph 1. 2BuLi/ -78)S \ Ph 2BuL1
. 2. Mel || ‘ OH O
0

(84) (110) (111)

Scheme 35

2.3.6 SUMMARY OF RESULTS

The results of all the studies into this rearrangement reaction of N-monosubstituted
carbamates to substituted alcohols, with presumed concomitant loss of cyanic acid

(HNCO), are summarised in TABLE 2.
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TABLE 2: Products and yields for attempted alcohol formation from carbamates.

=

CARBAMA Eq. | ANION PRODUCT YIELD
BuLi | COLOUR! (%)
N-(2-biphenyl) benzyl carbamate 1 yellow / light | 1’-phenyldiphenylmethanol 64
orange
3 SN
Y Sae
¢ (73) (76)
N-phenyl benzyl carbamate 1 deep yellow |[diphenylmethanol (benzhydrol)| (58)°
oH
SO 00
J U
i o
(84)
N-phenyl benzyl carbamate 2 very dark diphenylmethanol 71 (94.5)°
orange OH
to A
N_ _O
C
SR
(84 (85)
N-a-naphthyl benzyl carbamate 2 |red (very deep| a-naphthylphenylmethanol 62
yellow) oH
O . SO ()
SR SAe
(95) (96)
N-p-chlorophenyl benzyl carbamate 2 deep orange / | p-chlorodiphenylmethanol 10
red OH
o 0
C
o R J 0
o
a ©7) “ (98)
N-p-methylphenyl benzyl carbamate 2 deep orange / | p-methyldiphenylmethanol 14
red OH
L0 jone
C
g SA¢
e 9 e (100)
N-(4-pyridyl) benzyl carbamate 2 deep red (4-pyridyl)phenylmethanol 35
. OH
o .
Ny o (101) Ng (102)
N-(2-pyridyl) benzyl carbamate 2 deep red (2-pyridyD)phenylmethanol 23

OH

7\
\—

(104)
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ARBAMAT Eq. | ANION PRODUCT YIELD
BuLi | COLOUR" (%)
N-pheny] allyl carbamate 2 orange 1-phenylprop-2-en-1-ol v.v. low*
AR o
¢ (105) (108)
N-p-chlorophenyl allyl carbamate 2 orange 0
(106)
N-o-naphthyl cinnamyl carbamate 2 deep olive | 1-(c-naphthyl)-3-phenylprop- 40
‘ . \/\/@ green to black 2-en-1-0l
QL
(107) g ) 109)
N-phenyl (1-phenyl)ethyl carbamate 2 light orange 1,1-diphenylethanol 10
CH,
f. /OTQ
O/ @ Hy (110) O OH O
(111)
N-n-butyl benzyl carbamate 2 deep bright 0
HM‘.L\/\@ orange
~(86)
N-i-butyl benzyl carbamate (89) 2 deep yellow 0
N-z-butyl benzyl carbamate (92) 2 light bright 0
orange
N-cyclohexyl benzyl carbamate 2 deep yellow / 0
o \/@ orange
SN ©3)
N-benzyl benzyl carbamate 2 red 0
Ol O
¢ %4

I-Anion colour is dependant on concentration. 2-Yields based on GC peak integration.
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2.3.7 GENE SCUSSION

All the carbamates, with the exception of N-naphthyl cinnamyl carbamate (107), were
prepared by the reaction of the primary amine with the chloroformate, using NaH as base
(Eqn 27). This method proved to be a simple and general route to the N-monosubstituted

carbamates, with yields being good.

RCH,0COC! + R'NH, WT‘K"? —— RCH,0CONHR (Eqn 27)

R= CI'12=CH2, Ph
R' =Ph, naphthyl, butyl, benzyl, pyridyl, cyclohexyl, p-CIPh, p-MePh

The above reactions for the formation of the carbamate could be seen to have occurred by
the increase in Ry in TLC analysis using an ethyl acetate in hexane mixture and by the
downfield shift of the benzylic protons. These protons in the chloroformate are found at
84.8 and move to 85.0 - 85.25 in the carbamate. The allyl system showed a similar

downfield shift of all protons in the system.

From an inspection of the analytical data of the starting carbamates and the rearrangement
results an interesting correlation comes to the fore. In the examples where good yiélds of
the secondary alcohol rearrangement product were obtained, the GC analysis of the parent
carbamate, even when pure, produces peaks representing the carbamate and two
degradation products, namely the aromatic isocyanate and the alcohol of the remaining
poﬁion (usually benzyl alcohol). The examples where this feature occurred are N-(2-
biphenyl) benzyl carbamate (73), N-phenyl benzyl carbamate (84), N—néphthyl benzyi
carbamate (95), N-naphthyl cinnamyl carbamate (107) and to a lesser extent N-p-
chlorophenyl benzyl carbamate (97) and N-p-methylphenyl benzyl carbamate (99). The |
degradation of N-monosubstituted carbamates, particularly those with good leaving groups
such as aryloxy or benzyloxy, to isocyanates is a common occurrence'?’ (Sche‘me‘ 36). In

the case of N-aryl carbamates the formation of the aromatic isocyanate is further enhanced
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as the electrons are delocalised over the entire molecule and thus the aromatic nature of the
ring stabilises the attached isocyanate portion. The formation of alkyl isocyanates did not
occur under the conditions used to obtain the gas chromatographs, the formation of alkyl

isocyanates not occurring as readily as aryl isocyanates.

0
[l l
ArII:II—C—OR 4 5 Argjc—fo?—> AINCO + ROH

Scheme 36

GC-MS analysis of the reaction mixture for the formation of the N-pyridyl benzyl
carbamates, (101) and (103), showed only starting materials and side reaction by-products,
suggesting that the carbamate formation had not occurred. However, NMR analysis
showed that the reaction had occurred, as could be seen from the benzylic proton shift from
approximately 84.8 in the chloroformate to approximately 85.2 in the carbamate. In the

instance of these compounds the rearrangement to secondary alcohol also did occur.

It may be possible to suggest that the above mentioned GC-MS results of the parent
carbamate may act as an indication, in as yet untested molecules, that the rearrangement

reaction to substituted alcohol could possibly occur.

The rearrangement reaction of carbamate to alcohol was carried out by addition of two
equivalents of BuLi to the carbamate, dissolved in THF (Eqn 28) (except in the origional

reaction involving (73)).

OH
RCH,0CONHR' + 2BuLi —goioe™ )\ (Eqn 28)
R R’

R= Ph, CH2=CH2, PhCHz'—_CHZ
R'=Ar, pyridyl
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Analysis of the products by NMR shows a downfield shift of the original benzylic protons
from approximately 85.1 to approximately 85.6 - 85.9, with the exception of naphthyl-
phenylmethanol (96) and (2-pyridyl)phenylmethanol (104), and a decrease in the integral.
There is also the appearance of a slightly broader peak upfield in the 82.2- 62.65 region for
the alcohol. This peak is found further downfield in the pyridyl examples. That this peak
was due to the alcohol was further confirmed by its loss on exchange with deuterated

water, this fact being determined for benzhydrol (85) and 1’-phenyldiphenylmethanol (76).

Addition of the butyllithium to the carbamates produced a wide range of anion colours,
generally ranging from deep yellow to red. These anion colours are dependent on
concentration, as well as on the compound itself. As the reaction progressed the anion

colour faded, as expected, and this feature aided in the monitoring of the reaction progress.

The rearrangement and elimination reaction is begun at 0°C, with the reaction mixture
being allowed to slowly warm to room temperature as the reaction progressed. The
reaction was attempted where the BuLi was added at room temperature; however these
conditions were not favourable with a decrease in yield and numerous by-products being
observed, although the reaction was over more rapidly, as could be seen by the loss of
anion colour. Too rapid an increase in the reaction temperature from 0°C to room

temperature had a similar effect.

One of the most difficult functionalities to remove in synthetic organic chemistry is the
amine, and related, functionalities, i.e. the breaking of the C-N bond. The most common
method of achieving this, which is generally only successful in the case of aromatic
amines, is the formation of the diazonium salt (112) and then replacement of this groupm
(Scheme 37). The reaction is only applicable to primary amines and all amine derived
functionalities must therefore be reduced to the primary amine. The diazonium salt is
prepared by the reaction of nitrous acid (HNO,), which is prepared in situ by the reaction
ofa minerai acid on sodium nitrite (NaNO,), with the amine. The diazonium salt may then
be replaced by a number of functionalities, with loss of the nitrogen as N,. However, the

only reaction to replace the C-N bond with a C-C bond is the replacement of the diazonium
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Ar—NH, + NaNO, + 2HX —— Ar—N=N'X" + NaX + 2H,0

oC
0 (112)
+MZ
X =CI, HSO;
MZ = H,0, CuCl, CuCN, H;PO, _
Z=0H, C, CN,H Ar-Z + N

Scheme 37

salt with the cyanide group, to form the nitrile, from which further synthetic steps may be
achieved. The diazotization reaction is in some cases a difficult reaction due to the
instability and reactivity of the salt, which must also be used immediately upon its
formation. The replacement reaction to give the nitrile is further complicated as the
diazonium salt reaction mixture must first be neutralised before reaction with the cuprous
cyanide, to prevent the formation and loss of HCN. After obtaining the nitrile numerous
additional steps are needed to build up the desired molecule. The replacement of the amine
functionality by this traditional method is therefore a lengthy and complicated procedure.
The rearrangement reaction of the N-monosubstituted carbamate to the substituted benzyl
alcohol achieves the same result as the diazotisation reaction as it removes the amine
functionality and replaces it with a C-C bond, with the presence of the alcohol function on
which further synthesis may be achieved. This rearrangement reaction is a simple reaction,
readily carried out, which allows for the replacement of the amine in two steps. It also
gives in the two steps a more complicated, or built-up, compound without the need for
numerous synthetic steps to achieve this, although the reactions scope in this field has not
been fully evaluated. It involves the use of, comparatively, non dangerous reagents and the
“intermediate” N-monosubstituted carbamate formed from the primary amine need not be

used immediately and may be stored, if pure, for a few weeks.

The most common literature method for the preparation of the secondary alcohols formed
from the rearrangement of the carbamates has been the reduction of the corresponding

131, 132, 133, 134, 135, 136 Thesé ketones may not ‘

ketones and by other more traditional methods
always be readily prepared and this rearrangement reaction provides a simple two step

procedure to the secondary alcohol.
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2.3.8 MEC CDI ION

No literature precedent was found relating to a potential mechanism for this rearrangement
reaction of N-monosubstituted carbamate to alcohol. Those that were found that may
resemble a potential mechanism are discussed in 1.5, the Smiles aromatic heteroatom

migration rearrangement being the most significant.

From these initial results obtained for the attempted rearrangement reactions of N-
monosubstituted carbamates to substituted alcohols the following generalised conclusions
can be drawn:

(@) The reaﬁangement reaction occurs in the case of aromatic carbamate derivatives and
not in the case of alkyl carbamates.

(b) The reaction requires two equivalents of BuLi as can be seen by the increased yield
from one to two equivalents (in the case of N-phenyl benzyl carbamate (84)). This
suggests two anions in the reaction intermediate, one at the nitrogen and one at the benzylic

carbon (113).

S
©
|
o)
(113)

(c) The reaction may occur with a variety of carbamate moieties, so long as the carbon
adjacent to the oxygen of the carbamate linkage has a position available for substitution /
anion formation.

(d) The rearrangement occurs to the same position on the aromatic ring that the nitrogen of
the carbamate linkage was attached to. This suggests a five membered reaction
intermediate consisting of the carbamate linkage, the adjacent carbon and the position of
substitution. This cyclic transition state complex would in essence be an oxazolidone””.

(e) Substituents in the para position to the point of attachment of the carbamate on the
phenyl ring appear to decrease the yield of alcohol. There appears to be little difference

between the effects of electron-withdrawing or donating groups with electron-withdrawing
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groups having fractionally more negative influence on the reaction yield. Electron-
donating groups, or simply substitution, in the ortho position appear to have a positive
effect on the reaction as can be seen by the good yield obtained in the case of N-(2-
biphenyl) benzyl carbamate (73), even with only one equivalent of BuLi.

( Hetero atoms in the aromatic ring do not appear to hinder the reaction occurring, so

long as the aromatic character of the ring is maintained, although yields are slightly lower.

From the above generalised conclusions the following reaction mechanism can be

tentatively proposed (Scheme 38).

' R
NGO~ P 2B N\Cél. N\C¢O
ICI 00C-R.T. [ ‘> |
O O 0]
cEA © \)
R R r
Ph | Ph |
OH

Ph + HNCO - Q/kph +©Nco
R X

Scheme 38

The formation of cyanic acid (HNCO) as a by-product in this reaction was not confirmed,
although it seems the most likely compound to be formed. Cyanic acid would be difficult
to detect as it has the potential to polymerise at temperatures above 0°C; however no solid
material was observed to form during the rearrangement reaction. Cyanic acid is also
volatile and in aqueous environments is hydrolysed to NH;, CO, and H,O0, making
detection difficult'”’. The possible detection of an ammonia odour is overpowered by the

residual odour of the THF and BulLi in the reaction mixture, after quenching.
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The rearrangement and elimination reaction of a N-monosubstituted carbamate to the

substituted alcohol is an unusual and novel reaction, as is the mechanism proposed.

In the mechanism (Scheme 38) the attack of the benzylic anion on the point of attachment
of the nitrogen on the aromatic ring is electronically not favoured as there is already a high
electron density in the area creating a nucleophilic and not electrophilic environment.
However, if the mechanism of attack is of a Syl-type substitution, with the aromatic-
nitrogen bond being broken before substitution of the benzylic anion, then a fractionally
positive (8+ve) charge would exist at that point on the aromatic ring, favouring attack by a
nucleophile to a slightly greater degree. In the first instance (Sy2-type) an electron-
withdrawing substituent in the ortho or para position would favour progression of the
reaction as this would minimise the negative charge/greater electron density at the point of
rearrangement. On the other hand an electron-donating group at either of these positions
would help stabilise the positive charge created in the Syl scenario and thus favour
progression of the reaction. Initially, from the results obtained, it appears that this is the
more likely option, i.e. that of a concerted Sy1-type mechanism. However, in this scenario
the ready cleavage of the aromatic-nitrogen bond is not readily explained, this usually
being difficult to achieve. If the mechanism is of the Sy1 type then the question arises as
to whether the rearrangement reaction occurs inter- or intra-molecularly. No studies to
determine which option actually occurs were undertaken. For steric reasons, from
modelling studies and a knowledge of the ready formation of the oxazolidone into a five
membered ring, the intra-molecular case seems the more plausible. However, in the case
of the Sy2 scenario the formation of a benzenonium type transition state is possible. The
formation of the benzenonium ion (56) is reported for aromatic migration/rearrangement in
the Hofmann and Pinacol rearrangements (see 1.5). Here the aromatic ring is attached to a
three membered ring transition state with some of the electron density from the aromatic
system being transferred to an electron deficient centre, and this positive charge therefore
being spread over the aromatic ring. In the case of the Hofmann rearrangement the loss of
the halide ion creates an electron deficiency on the nitrogen and the aromatic migration is
believed to occur simultaneously, each fact aiding the occurrence of the other. If, in the

reaction mechanism above (Scheme 38), the formation of the isocyanate ion is a driving
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force in the reaction then a small electron deficiency may exist at the nitrogen, allowing for
formation of a benzenonium type ion (56) and nucleophilic attack on the ring. In this case
electron-donating effects on the ring would stabilise the positive charge over the ring and
favour the reaction occurring. Electron-withdrawing effects would have the opposite
effect. The results obtained for reactions with such electronic features are concurrent with
this theory. The Smiles aromatic rearrangement is well known and involves nucleophilic
attack on the aromatic system, with the formation of a spiro-transition state (50). In this
case electron-withdrawing effects on the aromatic ring enhance the reaction favourability
as the excess negative charge can be distributed over the whole system. However,
reactions for non-activated systems have been reportedm, where the aromatic ring holds
the excess electron density. The aromatic system also takes on a negative charge if one of
the hetero-atoms, usually a nitrogen, is positively charged. It has also been shown in the
Smiles rearrangement that substituents in the ortho position enhance the reaction rate and
yield due to the formation of a “V” shaped transition state (51) with the ortho substituent
forcing the reacting components into favourable alignment for the rearrangement to occur.
The results obtained are therefore also able to be fitted to, and are more likely attributable
to, a transition state and reaction mechanism of the Sy2-type, resembling that of the Smiles

rearrangement.

In the case of the pyridyl systems reaction to the point of attachment is more likely due to

the existence of resonance structures in the aromatic ring. The nitrogen is able to be
0

3

negatively charged and therefore the ortho- and para-positions carry a positive charge10
aiding progression of the reaction and possibly a five-membered spiro-reaction

intermediate. Pyridyl systems are known to undergo the Smiles rearrangementm.

The evidence for the need for two equivalents of BuLi in the reaction, and therefore the
presence of two anions in the intermediate complexes in the mechanism, is not totally
conclusive. In the original reaction involving N-(2-biphenyl) benzyl carbamate (73) only
one equivalent of BuLi was used and a yield in excess of 50% was obtained. However, in
the case of the N-phenyl benzyl carbamate (84) doubling the equivalents of BuLi led to an

almost two-fold increase in the yield of the alcohol product. Hdwever, this increased yield
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is only slightly greater than that obtained in the original reaction scenario. If in fact the
reaction does not require the addition of two equivalents of BuLi, but only an excess, then
the rearrangement reaction would occur vig a different reaction mechanism. In this
mechanism (Scheme 39) there is the formation of only one anion, found at the benzylic
position. The rearrangement step takes place via a Sy2 mechanism, with subsequent loss

of the cyanic acid occurring to give the alcohol.

g : /0
N 0} Ph : N_ _O _0
NS N BuLi NP N~P
¢ oC-RT o {J
O/ 0
© @-(.-.Li’“ @
R R | - R
Ph I Ph ]
OH Ph [ Ph ]
Ph @A\O@ -HNCO 0
<~ - /]\i\’
R R R @\Oj H_
Scheme 39

Unfortunately the studies undertaken were not extensive enough to reach any binding
conclusions and thus no definite reaction mechanism can be proposed. Furthermore no rate

studies were carried out.
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2.3.9 CONCLUSION

A novel and apparently unique rearrangement reaction of an aromatic N-monosubstituted
carbamate (ArNHCOOCHRlRZ) to a secondary (if R' = H) or tertiary alcohol, with
elimination of cyanic acid, was discovered when the carbamate is reacted with two
equivalents of butyllithium at 0°C (in THF). The rearrangement occurs when the
substituent attached to the nitrogen of the carbamate linkage is aromatic in nature, which
may contain a hetero-atom, but appears not to occur when this substituent is alkyl in
nature. The O-carbamate moiety may be varied, so long as the carbon adjacent to the
oxygen has a hydrogen available for abstraction and formation of an anion. The reaction
mechanism may be tentatively proposed to be of an intra-molecular Sy2-type concerted
mechanism with concomitant elimination. This reaction resembles, and may be an
extension of, the Smiles rearrangement, with a carbon replacing a nitrogen on the aromatic

ring.

The two reactions involved in obtaining the substituted benzyl alcohol from the primary
amine are simple and readily carried out. At present the yields for both the carbamate
formation reaction and the rearrangement reaction are, unexplainably, variable, although

generally good.

This rearrangement reaction of N-monosubstituted carbamate to secondary, or tertiary,
alcohol of the substituted methanol type, but usually thus far the substituted benzyl alcohol
type, provides a simple route to replacing an amine functionality with a more complex
carbon based functionality. Previously this has been difficult to achieve, the most common
route being via the diazonium salt. This rearrangement reaction should therefore prove to
be very useful in synthetic organic chemistry; however the full scope and therefore the

utility of the rearrangement still needs to be discovered.
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3. and P L

Due to the time constraints inherent in a Masters project (one year of practical work) many
facets of this research were not completed and many desired reactions could not be
attempted. This fact only served to augment the number of questions that research

proposes and to answer few.

The initial aim of this Masters project was to obtain chiral induction across the carbamate
linkage, from chiral amines to the benzylic position of benzyl carbamate. This goal was
never achieved; however, in the course of this investigation an extension of existing
oxazolidone work and a novel rearrangement reaction were exposed. The new bicyclic
oxazolidone with nitrogen at the bridgehead position, 3-oxa-1-aza-4,4-
diphenylbicyclo[3.3.0]octan-2-one (77), was formed by a trans-carbamation type reaction
from benzyl 2-(hydroxydiphenylmethyl)pyrrolidine-1-carboxylate (64) by both thermal
and chemical means, using sodium hydride (NaH) which has as yet not been used to
achieve such a reaction. Further investigation into this reaction proved unsuccessful on the
whole, with many proposed questions remaining unanswered. A novel rearrangement
reaction where N-monosubstituted carbamates rearrange to give substituted methanol
products, on treatment with butyllithium, was discovered in attempts to substitute the
nitrogen of the carbamate. Thus far it has been determined that this reaction appears to
occur within the following generalisations:
(a) The nitrogen substituent must be aromatic in nature. It may contain a hetero-atom and
may be substituted.
(b) The O-carbamate moiety may be varied, so long as a position on the carbon adjacent to
the oxygen is available for substitution.
(c) The transition state is a five membered cyclic one and rearrangement occurs to the

position to which the nitrogen was attached.
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Some of the questions that remained unanswered in the oxazolidone work were:

(a) Could the trans-carbamation cyclisation reaction occur with other sized cyclic
structures containing the nitrogen and could these structures be unsaturated?

(b) What effect does the alcohol being either primary, secondary or tertiary have on the
reaction?

(c) What effect do the characteristics of the substituents on the alcohol have on the

cyclisation reaction?

When looking at future proposals for the carbamate to alcohol rearrangement reaction it

becomes obvious that only the initial studies have thus far been completed. Future work

entails:

(a) investigations into the effects of substituents on the N-aryl group, both electronically
and structurally

~ (b) whether altered reaction conditions could allow the reaction to occur with N-alkyl
substituents

(c) determination of the true reaction mechanism

(d) investigations into altering the O-carbamate moiety. Must this moiety contain an aryl
or unsaturated component or can the rearrangement occur with simple alkyl groups?
What effects do substitﬁents on the carbon adjacent to the oxygen have on the
rearrangement to a tertiary alcohol?

(e) optimising reaction conditions - trying different solvents.
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4. EXPERIMENTAL

4.1 INS TION and CHEMICAL

NMR spectra (‘"H 200 MHz and ’C 50 MHz) were recorded on a Varian Gemini 200 NMR
spectrometer and 'H 60MHz spectra recorded on a Varian T60 instrument. Unless
otherwise stated, spectra were run using CDCl; as solvent and tetramethylsilane (TMS) as
internal reference. All values are reported in ppm downfield of TMS and all J values are
reported in Hz. Mass spectra were recorded on a Hewlett-Packard (HP5988A) mass
spectrbmeter or a Varian high resolution mass spectrometer, linked to a gas
chromatograph. Elemental analyses were carried out on a Perkin-Elmer 2400 CHN
elemental analyser. Melting poinfs were determined using a Kofler hot-stage apparatus and
are uncorrected. Infra-red spectra were obtained on a Shimadzu FTIR-4300 instrument
using KBr disks. Optical rotations were determined on a Perkin-Elmer 241 digital

polarimeter.

For thin 1ayer chromatography, precoated Kieselgel 60 F,s, Merck plastic sheets were used.
- Unless otherwise specified all thin layer chromatography was run using 20% ethyl acetate
in hexane for ease of comparison. All chromatography solvent system ratios were then
adjusted accordingly.  Purification of compounds was achieved by centrifugal
chromatography on a Harrison Research Chromatotron Model 7924T, on glass plates
coated with Merck silica gel (200-400 mesh), 2-4 mm thick.

All commercially obtained chemicals were used as is, unless indicated otherwise, and all

solvents were dried using standard literature procedures'>". Low reaction temperatures

were maintained using dry ice/solvent baths'®.
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4.2 PREPARATIONS

4.2.1 PREPARATION QF BENZYL 2-(HYDROXYDIPHENYLMETHYL)PYRROLIDINE-
-CARBOXYLA 4

N-Benzyloxycarbonyl-L-proline (65)

Q,COOH
| C13H15NO4
Oéc\oﬁ MM 249.26 g/mol

(65)

L-Proline (5.00 g, 49 mmol) was dissolved in 4N NaOH (10 ml) and the stirred solution
cooled in an ice bath. Benzyl chloroformate (6.5 ml, 45 mmol ) was added dropwise and
the solution then allowed to stir for 2 h. The cooled solution was acidified (Congo red
indicator) using approximately 1M HCI and the product separated out as an oil. The
product was extracted into ethyl acetate and the extracts were washed with brine and dried
over anhydrous MgSQO,. The solvent was removed to yield a very viscous, colourless oil in
almost quantitative yield, which was used without further puriﬁcation1 7,

Yield: 10.78 g (99%). &y (200 MHz) 7.57 (1H, s, COOH), 7.24-7.38 (SH, m, Ar-H),
5.08-5.22 (2H, m, CH,Ph), 4.33-4.44 (1H, m, NCHCOOH), 3.43-3.65 (2H, m, NCH,CH,),
2.00-2.24 (2H, m, CHCH,), 1.85-2.00 (2H, m, CH,CH,CH,); &: (50 MHz) 177.34 and
176.30 (s, COOH)" *, 155.54 and 154.59 (s, C=0)", 136.39 (s, Ar-C), 128.47, 128.38,
128.06, 127.88 and 127.62 (d, Ar-CH), 67.40 and 67.17 (t, PhCH,)?, 59.19 and 58.68 (d,
NCH)", 46.92 and 46.58 (t, NCH,)", 30.84 and 29.61 (t, CHCH,)", 24.24 and 23.42 (t,
CH,CH,CH,)*; m/z 204 (M" -COOH, 3.4%), 160 (9.0), 114 (25.0), 91 (100), 70 (7.6), 65
(8.9), 44 (7.9). |

* due to the occurance of rotamers (see page 49)
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N-benzyloxycarbonyl-L-proline methyl ester (63)

| C14H17NO4

O¢C\O/\© MM 263.29 g/mol

(63)

N-methyl-N-nitrosoureall9 (10 g, 97 mmol) was added to an ice-cooled, well stirred system
of diethyl ether (75 ml) above a 50% solution of KOH, in water (50 ml), to generate an
excess of diazomethane''®. The diethyl ether layer was decanted and dried three times, at
0°C, over potassium hydroxide pellets. N-Benzyloxycarbonyl-L-proline (65) (2.5 g, 10
mmol ) was dissolved in diethyl ether and slowly added to the diazomethane solution. The
mixed solution was stirred and the excess diazomethane allowed to evaporate off overnight
before the diethyl ether was removed to yield the methyl ester as a very viscous colourless
oil. The product was used without further purification for the next step. Yield: 2.45 g
(93%). (Found: C, 64.07; H, 6.70; N, 5.28; C,H;;NO, requires C, 63.86; H, 6.51; N,
5.32%). & (200 MHz)''® 7.23-7.37 (5H, m, Ar-H), 4.97-5.21 (2H, m, PhCH,), 4.28-4.39
(1H, m, CHCOOMe), 3.69 and 3.55 (3H, 2x s, COOCH;,,)* , 3.41-3.64 (2H, m, NCH),),
2.10-2.21 (1H, m, CHCHH), 1.81-2.00 (3H, m, CHCHHCH,); & (50 MHz) 173.17 and
173.0 (s, COOMe), 154.75 and 154.15 (s, NC=0)?, 136.72 and 136.64 (s, Ar-C)*, 128.41,
128.35, 127.91, 127.87, 127.79 and 127.68 (d, Ar-CH), 66.87 and 66.80 (t, CH,Ph)%, 59.15
and 58.78 (d, NCHCOOMe)", 52.10 and 51.96 (q, OCH,)", 46.89 and 46.38 (t, NCH,)?,
30.85 and 29.84 (t, CHCH,)?, 24.28 and 23.48 (t, CH,CH,CH,)"; m/z 263 (M", 3.5%), 204
(17.8), 160 (22.9), 128 (6.4), 91 (100).

* due to the occurance of rotamers (see page 49)
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Benzyl 2-(hydroxydiphenylmethyl)pyrrolidine-1-carboxylate (64)" 16

Q C25H25NO3

OH MM 387.47 g/mol

x5
Phenyl magnesium bromide (40 mmol) was prepared by adding bromobenzene (6.28 g, 4.2
ml, 40 mmol) to magnesium turnings (1.94 g, 80 mmol) in THF (40 ml), under nitrogen, in
a 100 ml flask fitted with a reflux condenser. The reaction was initiated by applying a
small amount of heat to the flask and the reaction mixtﬁre allowed to stir for 30 min. The
PhMgBr was transferred by syringe to an ice cooled solution of N-benzyloxycarbonyl-L-
proline methyl ester (63) (2.63 g, 10 mmol) in THF (20 ml), under nitrogen. The reaction
mixture was allowed to stir for 3 h before being quenched with approximately 7 ml of a
saturated NH,Cl solution. The organic layer was extracted into chloroform and the extracts
were washed with brine and dried over anhydrous MgSO, before the solvent was removed.
The product was purified using centrifugal chromatography (10% ethyl acetate in hexane).
Yield 2.70 g (70%). &y (200 MHz) 7.20-7.40 (15H, m, Ar-H), 6.0 (1H, s, OH), 5.10-5.17
(2H, d, CH,Ph, J=6.2), 4.89-4.95 (1H, m, NCHCPh,0H), 3.40-3.45 and 3.0 (1H, m,
NCHH), 1.87-2.07 (2H, m, CHCH,CH,), 1.39-1.45 and 0.85 (1H, m, NCHCHH); &; (50
MHz) 157.95 (s, C=0), 146.16, 143.54 and 136.40 (s, Ar-C), 128.39, 127.99, 127.93,
127.75, 127.65, 127.50, 127.34, 127.21 and 127.06 (d, Ar-CH), 81.52 (s, CPh,0H), 67.30
(t, PhCH,), 66.09 (d, NCH), 47.73 (t, NCH,), 29.51 (t, CH,CH,CH,), 22.87 (t, NCHCH,);
m/z  Only peaks in GCMS with m/z of 279 and 108 due to rearrangement and

decomposition products.
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4.2.2 PREPARATION OF 2-(1-PHENYLCYCLOPENTYL)-4.4.6-TRIMETHYL-
TETRAHYDRO-1.3-OXAZINE (12)**’

2-Benzyl-4,4,6-trimethyl-5,6-dihydro-1,3(4H)-oxazine (70)

CH3
0] Ci14H19NO
. MM 217.31 g/mol
HiC"

H3C
(70)

Concentrated sulfuric acid (17 ml), in a flask fitted with an overhead stirrer, was cooled to
between 0°C and 5°C in an ice bath. To this was added phenyl acetonitrile'*’ (9.9 g, 85
mmol) from a dropping funnel at such a rate SO as 1o keep the temperature near 0°C. On
completion of this addition 2-methyl-2,4-pentanediol (9.08 g, 76.8 mmol) was added
dropwise at a rate to maintain a temperature of 0-5°C. The reaction mixture was stirred for
1 h before 54 g of crushed ice was added and the reaction mixture stirred until this had
melted. The reaction mixture was made just alkaline with 40% NaOH, with ice being
added when necessary to keep the temperature below 35°C. This aqueous solution was
extracted with chloroform (3x 50 ml) and the extracts dried over anhydrous MgSQO, before
the solvent was removed. The product was obtained by distillation under reduced pressure
(320°C/760 mmHg, 180°C/0.4 mmHg). Yield: 3.35 g (19%). (Found: C,77.33; H, 8.93;
N, 6.21; C;4H;oNO requires C, 77.38; H, 8.81; N, 6.45%). &4 (200 MHz) 7.18-7.34 (5H,
m, Ar-H), 4.02-4.11 (1H, m, OCHCH,;), 3.44 (2H, s, CH,Ph), 1.72 and 1.65 (2H, dd,
Me,CCH,CHMEe, J=1.4, J=6.8), 1.22, 1.21, 1.18 and 1.71 (6H, 2x s, (CH;),C and 3H, d,
OCHCHj); ¢ (50 MHz) 157.14 (s, N=CO), 137.15 (s, Ar-C), 129.02, 128.59, 128.17,
127.80 and 126.30 (d, Ar-CH), 67.87 (d, OCHMe), 49.81 (s, NCMe,), 42.40 (t, CH,Ph),
41.70 (t, CCH,CH), 31.78 and 29.52 (q, (CH,),C), 21.28 (q, OCHCH,); m/z 217 (M", .
21.8%), 202 (2.9), 118 (10.8), 91 (69.4), 84 (100).
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2-(1-Phenylcyclopentyl)-4,4,6-trimethyl-5,6-dihydro-1,3(4H)-oxazine (71)

CigH25sNO
MM 271.40 g/mol

(71)

To a solution of 2-benzyl-4,4,6-trimethyl-5,6-dihydro-1,3(4H)-oxazine (70) (0.3 g, 1.4
mmol) in THF (10 ml), under nitrogen and anhydrous conditions, at -78°C, was added
BuLi (1.1 ml, 1.1 eq., 1.37 M) over 10 min and tl;e resultant dark orange solution allowed
to stir for 30 min. Freshly distilled 1,4-dibromobutane (0.279 g, 0.16 ml, 1.5 mmol, 1.1
eq.) was then added over 10 min and the reaction mixture allowed to stir for a further 45
min, still at -78°C, before a further portion of BuLi (1.11 ml, 1.1 eq., 1.37 M) was added
over 10 min. The deep emerald green solution was allowed to stir for 1 h before being
stored overnight at -20°C. The reaction mixture was poured into 5 ml ice water and
acidified to pH 2-3 with a 9N HCI solution. It was then washed 3 times with small
portions of diethyl ether before being basified with a 40% NaOH solution. The resulting
solution was extracted into diethyl ether and the extracts dried over anhydrous MgSO, The
solvent was removed by rotary evaporator to yield the pure 2-(1-phenylcyclopentyl)-4,4,6-
trimethyl-5,6-dihydro-1,3(4H)-oxazine (71) as a yellow oil. Yield: 0.33 g (88%). &y (200
MHz) 7.11-7.41 (5SH, m, Ar-H), 3.88-3.98 (1H, m, CHCH;), 2.48-2.60 (2H, m,
cyclopentyl), 1.6-1.9 (7TH, m, CCH,CH, cyclopentyl), 1.07-1.27 (1H, m, cyclopentyl), 1.18
(3H, OCHCH3), 1.13 and 1.10 (6H, 2x s, C(CH3),); 8¢ (50 MHz) 159.78 (s, N=C(C)0),
146.09 (s, Ar-C), 127.68, 126.51 and 125.66 (d, Ar-CH), 67.47 (d, OCHCHj;), 57.16 (s,
C(CH,)sPh), 49.68 (s, NC(CH,),), 42.07 (t, CCH,CH), 36.58 and 35.97 (t, -
CCH,(CH,),CH;-), 31.99 and 29.26 (q, C(CH,),), 23.36 and 23.31 (t, -CCH,(CH,),CH,-),
21.29 (q, CHCH,); m/z 271 (M', 78.4%), 243 (56.6), 230 (73.3), 194 (27.1), 167 (16;1), |
145 (55.2), 128 (25.9), 115 (34.5), 103 (29.3), 91 (100), 58 (25.8).
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2-(1-Phenylcyclopentyl)-4,4, 6-trimethyltetrahydro-1,3-oxazine (72)

C18H27NO
MM 273.41 g/mol

(72)

2-(1-Phenylcyclopentyl)-4,4,6-trimethyl-5,6-dihydro-1,3(4H)-oxazine (71) (0.3 g, 1.1
mmol) was dissolved in a mixture of 5 ml THF and 5 ml 95% EtOH and cooled to 0°C.
One drop of conc. HCl was added. A solution of NaBH, (0.06 g, 1.5 mmol, 1.4 eq.) in 0.5
ml water was prepared, to which 2 drops of 4N NaOH were added. This solution was
added dropwise to the first and the pH tested to determine that the solution was just
alkaline. The reaction mixture was allowed to stir for 2 h before being stored at -20°C
overnight. The solution was basified and extracted into diethyl ether, the extracts dried
over énhydrous MgSO0,, and the solvent removed by distillation on a rotary evaporator to
yield a fine yellow powder. The product was purified by centrifugal chromatography
(ethyl acetate in hexane). Yield: 0.23 g (75%). 6y (200 MHz) 7.18-7.45 (5H, m, Ar-H),
4.11 (1H, s, NH), 3.6-3.8 (1H, m, CHCH,;), 1.1-2.4 (10H, m, cyclopentyl & CHCH,C),
1.10, 1.09, 1.07 and 0.88 (6H, 2x s, C(CHj), and 3H, d, OCHCH;); ¢ (50 MHz) 144.01
(s, Ar-C), 128.99, 127.23 and 125.77 (d, Ar-CH), 86.88 (d, NHCHOCH), 68.57 (d,
OCHCH,3), 55.02 (s, NC(CH,),), 48.53 (s, C(CH,),Ph), 45.36 (t, CCH,CH), 36.17 and
34.94 (t, -CCH,(CH,),CH,-), 32.72 and 23.91 (.q, C(CH,;),), 23.59 and 23.50 (t, -
CCH,(CH,),CH,-), 22.34 (q, CHCH,); m/z 273 (M', 0.06%), 258 (0.3), 174 (0.9), 145
(3.2), 128 (100), 115 (3.3), 91 (12.9), 86 (19.8), 83 (15.8), 77 (1.8), 58 (6.2), 46 (4.4).
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4.2.3 PREPARATION OF 2-OXAZOLIDONE

3-Oxa-1-aza-4,4-diphenylbicyclo[3.3.0]octan-2-one (77)

Ci1sH17NO2

Q\/C‘@ MM 279.33 g/mol
0

)

To a stirred suspension of NaH (0.037 g, 1 mmol, 2 eq., 80%) in dry THF (2 ml) was added
dropwise a solution of benzyl 2-(hydroxydiphenylmethyl)pyrrolidine-1-carboxylate (64)
(0.2 g, 0.5 mmol) in THF (2 ml) and the reaction mixture allowed to stir for 1 h. The
reaction was quenched with water (1 ml) and the product was extracted into chloroform,
the extracts dried and the solvent removed. The crystalline product was purified using
centrifugal chromatography (10% ethyl acetate in hexane) Yield: 90%. Melting Point:
123-124°C; (Found: C, 77.59; H, 6.21; N, 4.89; C,sH;,NO, requires C, 77.40; H, 6.13; N,
5.02%). 8y (200 MHz) 7.53 (1H, t, Ph, J=1.0), 7.49 (1H, m, Ar-H), 7.19-7.40 (8H, m, Ar-
H), 4.49-4.57 (1H, q, NCHCPh,, J=2.6), 3.62-3.75 (1H, dt, NCHHCH,, J=4.0, J=5.6),
3.13-3.25 (1H, dq, NCHHCH,, J=2.1), 1.78-1.95 (2H, m, CH,CH,CH,), 1.62-1.76 (1H, m,
NCHCHHCH,), 0.97-1.19 (1H, m, NCHCHHCH,); &¢ (50 MHz) 160.26 (s, C=0),
143.06 and 140.01 (s, Ar-C), 128.31, 128.06 127.45, 125.68 and 125.19 (d, Ar-CH), 85.63
(s, CPhy), 68.95 (d, NCHCPh,), 45.77 (t, NCH,), 28.73 (t, CH,CH,CH,), 24.62 (t,
CHCH,CH,); IR (cm™) 1757 (C=0); m/z 279 (M*, 44.3%), 182 (67.7), 165 (67.0), 146'
(70.8), 105 (100), 77 (29.9), 69 (25.7); [atlp": -215.1° (0.5058g/100 ml in CHCL,).
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3,4-Dimethyl-5-phenyl-2-oxazolidone (82)

H3C ©

C11H13NO2
HaC—N Y MM 191.22 g/mol
N
C
Il
O
(82)

NaH (0.133 g, 1.1 eq., 50%) was added to a solution of (-)-ephedrine (0.5 g, 3 mmol) in
dry THF (10 ml) at room temperature. The solution was allo;zved to stir for 5 min before
benzyl chloroformate (0.516 g, 0.44 ml, 3 mmol, 1 eq.) was added dropwise. The reaction
mixture was allowed to stir for 1 h before another 1.1 equivalents of NaH (0.133 g, 50%)
were added. The reaction mixture was lef; to stir for 3 h before being slowly quenched
with water. The THF was removed and the reaction mixture extracted into chloroform, the
extracts dried and the solvent removed under vacuum. The pale yellow oil that was
obtained was purified by centrifugal chromatography (10% ethyl acetate in hexane). The
oxazolidone (81) was obtained as a colourless oil which crystallised out in off-white
needles. Yield: 0.296 g (52%). 8y (200 MHz)'** 7.22-7.40 (5H, m, Ar-H), 5.557 (1H, d,
OCHPh, J=4.1), 3.94-4.08 (1H, dq, NCHCH,, J=3.3, J=4.1), 2.84 (3H, s, NCHj), 0.75 (3H,
d, NCHCH;, J=3.3); 8¢ (50 MHz) 158.04 (s, C=0), 135.17 (s, Ar-C), 128.41 and 126.08
(d, Ar-CH), 78.28 (d, OCHPh), 56.91 (d, NCHCH},), 28.88 (q, NCH,), 14.21 (q, CHCHj;);
m/z 191 (M', 12.4%), 176 (2.5), 147 (1.6), 132 (3.3), 117 (5.0), 105 (3.8), 91 (5.4), 77
(6.1), 58 (30.3), 57 (100), 51 (5.8), 42 (53.9).
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Imidazole benzyl carbamate (83)

9
| C11H10N202
Oéc\ o/\© MM 202.21 g/mol

(83)

To a solution of imidazole (1.0 g, 15 mmol) in dry THF (40 ml), at room temperature, was
added NaH (0.648 g, 16 mmol, 1.1 eq., 50%). The solution was stirred for 5 min before
benzyl chloroformate (2.75 g, 2.3 ml, 16 mmol, 1.1 eq.) was added dropwise. The reaction
- mixture was allowed to stir for 2 d before being quenched with water. The solvent was
removed and the product was extracted into chloroform. The extracts were dried over
anhydrous MgSO,, and the solvent removed to yield a yellow oil which was purified by
centrifugal chromatography (20% ethyl acetate in hexane). Yield: 1.93 g (65%). oy (200
MHz) 8.11 (1H, t, NCHN, J=0.55), 7.34-7.42 (6H, m, Ar-H and (OC)NCH), 7.02 (1H, q,
NCHCHN(CO), J=0.4), 5.36 (2H, s, PhCH)); o, (50 MHz) 148.09 (s, C=0), 136.68 (d,
NCHN), 133.59 (s, Ar-C), 130.14 (d, (OC)NCH), 128.65, 128.36 and 128.23 (d, Ar-CH),
116.69 (d, NCHCHN(CO)), 69.31 (t, PhCH,); m/z 202 (M, 5.7%), 158 (6.7), 126 (0.7),
105 (0.7); 91 (100), 77 (4.9), 65 (18), 63 (4.4).
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4.2.4 GENERAL PROCEDURE FOR THE PREPARATION QF BENZYL CARBAMATES

To a stirred solution of the primary amine (aryl or alkyl) (0.25-1.0 g) in dry THF, at room
temperature, NaH (1.2 eq.) was added. To this solution benzyl chloroformate (1.1 eq.) was
slowly added dropwise, as the reaction is exothermic and may be vigorous. The reaction
mixture was allowed to stir for approximately 18 hours before water was added to destroy
any excess NaH. The THF was removed under reduced pressure and the product was
extracted into chloroform. The extracts were dried over MgSO, before the solvent was
removed in vacuo. The carbamates were purified by centrifugal chromatography (ethyl

acetate in hexane) to yield the (usually crystalline) benzyl carbamates.

N-(2-Biphenyl) benzyl carbamate (73)

I - C20H17NO2
N\C/O MM 303.36 g/mol
I
5 .

(73)

Yield: 61% (oil) (Found: C, 79.36; H, 5.72; N, 4.53; C,,H;,NO, requires C, 79.18; H,
5.65; N, 4.62%). 8y (200 MHz) 8.153 (1H, d, Ar-H, J=4.0), 7.03-7.51 (13H, m, Ar-H),
6.77 (1H, s, NH), 5.09 (2H, s, PhCH,); 8¢ (50 MHz) 153.31 (s, C=0), 137.95, 136.03,
134.66 and 119.86 (s, Ar-C), 130.12, 129.14, 129.03, 128.47, 128.39, 128.22, 127.82 and
123.46 (d, Ar-CH), 66.81 (t, PhCH,); m/z 303 (M", 8.6%), 258 (4.1), 195 (5.7), 167 (14.3),
106 (3.3), 91 (100); IR (cm™) 3420 (NH), 1738 (C=0).
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N-phenyl benzyl carbamate (84)

H C14H13NO2
N_ O
©/ ﬁ MM 227.26 g/mol
0

849

Yield: 56%. Melting Point: 63-64°C (Found: C, 74.35; H, 5.97; N, 6.15 C;;H3NO,
requires C, 73.99; H, 5.77; N, 6.16%). &y (200 MHz) 7.35-7.44 (3H, m, Ar-H), 7.10-7.25
(7H, m, Ar-H), 6.89-6.98 (1H, m, NH), 5.05 (2H, s, PhCH,); ¢ (50 MHz) 153.5 (s,
C=O), 137.65 and 135.74 (s, Ar-C), 128.82, 128.40, 128.08, 123.29 and 118.92 (d, Ar-
CH), 66.72 (t, PhCH,); m/z 227 (M', 4.6%), 183 (3.4), 119 (9.2), 107 (4.2), 91 (100).

N-butyl benzyl carbamate (86)

i
C C12H17NO2
H3.C/\/\N/ ~o
H MM 207.27 g/mol

(86)

Yield: 57% (oil) (Found: C, 69.31; H, 8.03; N, 6.77; C;,H,;;NO, requiresl C, 69.53; H,
8.27; N, 6.76%). dy (200 MHz) 7.24-7.31 (SH, m, Ar-H), 5.29 (1H, s, NH), 5.05 (2H, s,
PhCH,0), 3.08-3.17 (2H, q, CH,N, J=3.2), 1.23-1.46 (4H, m, CH;CH,CH,), 0.88 (3H, t,
CH;CH,, J=3.5); 8¢ (50 MHz) 156.59 (s, C=0), 136.79 (s, Ar-C), 128.42, 128.00 and
127.94 (d, Ar-CH), 66.39 (t, PhCH,), 40.76 (t, CH,N), 31.98 (t, CH,CH,N), 19.88 (t,
CH;CH,), 13.74 (q, CH3); m/z 207 (M", 1.9%), 108 (81.2), 91 (100), 77 (6.3), 57 (2.1).
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N-(2-methylpropyl) benzyl carbamate (89)

I
H3C C C12H17NO>
>/\I}\II/ \O
HaC MM 207.27 g/mol

(89)

Yield: 59% Melting Point: 29-30°C (Found: C, 69.54; H, 7.83; N, 6.70; C;,H;;NO,
requires C, 69.53; H, 8.27; N, 6.76%). 6y (200 MHz) 7.19-7.27 (SH, m, Ar-H), 5.65 (1H,
m, NH), 5.03 (2H, s, PhCH,), 2.90-2.97 (2H, t, CHCH,N, J=3.2), 1.63-1.73 (1H, m,
(CH;),CHCH,), 0.84 (6H, d, (CHj;),CH, J=3.4); 8. (50 MHz) 156.26 (s, C=0), 136.34 (s,
Ar-C), 127.80, 127.36 and 127.3 (d, Ar-CH), 65.72 (t, PhCH,), 47.92 (t, CH,N), 28.17 (d,
CHCH,), 19.37 (q, (CH;),CH); m/z 207 (M, 2.1%), 108 (49.9), 91 (100), 77 (6.6), 41
(7.5).

N-tert-butyl benzyl carbamate (92)

ﬁ
?{3Cé>kN/C\O C12H17NO,
3
H /\O MM 207.27 g/mol

92)

Yield: 58% (oil). 8y (200 MHz) 7.24-7.36 (5H, m, Ar-H), 5.04 (2H, s, PhCH,), 4.75
(1H, s, NH), 1.32 (9H, s, (CH3);C); 8¢ (50 MHz) ca. 155 (s, C=0), 136.72 (s, Ar-C),
128.48, 128.05 and 127.99 (d, Ar-CH), 65.96 (t, PhCH,), 5035 (s, (CHy);C), 28.90 (q,
(CH);C); m/z 207 (M, 0.7%), 191 (2.0), 148 (8.1), 108 (41.4), 91 (100), 77 (8.5), 57
(7.6), 42 (13).
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N-cyclohexyl benzyl carbamate (93)

H C14H19NO2

N \C/O

T MM 233.31 g/mol
0]

93)

Yield: 58%. Melting Point: 76-80°C (Found: C, 72.49; H, 8.08; N, 5.95; C,,H,,NO,
requires C, 72.07; H, 8.21; N, 6.00%). dy (200 MHz) 7.26-7.38 (SH, m, Ar-H), 5.10 (2H,
s, PhCH,), 4.65 (1H, s, NH), 3.47-3.53 (1H, m, CHN), 1.08-1.97 (10H, m, cyclohexyl); 8¢
(50 MHz) 156 (s, C=0), 136.66 (s, Ar-C), 128.50, 128.13 and 128.05 (d, Ar-CH), 66.47 (t,
PhCH,), 49.87 (d, CHN), 33.42 (t, -CH,CHCH,-), 25.48 (t, -(CH,),CH,(CH,),-), 24.77 (, -
CHCH,CH,CH,-); m/z 233 (M, 2.0%), 126 (3.3), 108 (100), 107 (85.6), 99 (8.9), 83
(46.8), 79 (50.0), 77 (30.3), 55 (26.9). |

N-benzyl benzyl carbamate (94)

H C15H1sNO
O\/N\ /O\/O e 2
¢ MM 241.28 g/mol

I
0
o9

Yield: 60%. Melting Point: 50-52°C (Found: C, 75.03; H, 6.46; N, 5.67; C;sH;sNO,
requires C, 74.66; H, 6.27; N, 5.81%). &y (200 MHz) 7.24-7.37 (10H, m, Ar-H), 5.12 (3H,
s, PhCH,0, NH), 4.36 (2H, d, PhCH,N, J=3.0); 8¢ (50 MHz) 155.94 (s, C=0), 138.38
and 136.45 (s, Ar-C), 128.65, 128.51,128.12 and 127.48 (d, Ar-CH), 66.85 (t, CH,0),
45.12 (t, CHN); m/z 241 (M™, 0.7%), 150 (57.4), 107 (30.9), 91 (100), 79 (27.5).
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N-a.-naphthyl benzyl carbamate (95)

H
O N /O\/© CrstisNoz
C
‘ i MM 277.32 g/mol
1 _

®3)

Yield: 12%. Melting Point: 114-115°C (Found: C, 77.70; H, 5.56; N, 5.06; C,gH,sNO,
requires C, 77.96; H, 5.45; N, 5.05%). 8y (200 MHz) 7.33-7.90 (12H, m, Ar-H), 7.03 (1H,
s, NH), 5.25 (2H, s, PhCH,); 8¢ (50 MHz) 136.06, 134.05 and 132.37 (s, Ar-C), 128.73,
128.62, 128.39, 126.23, 125.99, 125.79, 125.11 and 120.43 (d, Ar-CH), 67.30 (t, PhCH,);
m/z 277 (M, 11.7%), 233(7.2), 169 (26.2), 140 (12.2), 115 (15.5), 108 (10.9), 91 (100), 79
(13.8), 77 (10.7).

N-p-chlorophenyl benzyl carbamate (97)

{II O\/© C14H12NO2Cl
\C/
/©/ 1 MM 261.70 g/mol
0
Ci

o7

Yield: 49%. Melting Point: 96-98°C (Found: C, 64.16; H, 4.42; N, 5.31; C,,H,,CINO,
requires C, 64.24; H, 4.62; N, 5.35%; 8y (200 MHz) 7.22-7.37 (9H, m, Ar-H), 6.75 (1H,
s, NH), 5.18 (2H, s, PhCH,); 8 (50 MHz) 153.18 (s, C=0), 136.33 and 135.78 (s, Ar-C),
129.04, 128.64, 128.46 and 128.35 (d, Ar-CH), 119.86 (s, Ar-C-Cl), 67.19 (t, PhCH,); m/z
261 (M*, 10.3%), 217 (4.1), 153 (10.4), 127 (8.8), 91 (100).
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N-p-methylphenyl benzyl carbamate (99)

IP\II\ /O\/© C1sHisNO2
C
T MM 241.28 g/mol
0O
H3C

99

Yield: 75%. Melting Point: 70-72°C (Found: C, 74.49; H, 5.91; N, 5.59; C;sH;sNO,
requires C, 74.66; H, 6.27; N, 5.81%; & (200 MHz) 7.33-7.40 (SH, m, CH,Ar-H), 7.07-
7.28 (4H, m, MeAr-H), 6.65 (1H, s, NH), 5.18 (2H, s, PhACH,), 2.29 (3H, s, CH,); 5¢ (50
MHz) 153 (s, C=0), 136.09, 135.12 and 133.08 (s, Ar-C), 129.53, 128.59 and 128.3 (d,
Ar-CH), 66.92 (t, PhCH,), 20.75 (q, CHs); m/z 241 (M, 11.1%), 197 (7.99), 133 (6.1), 91
(100), 77 (7.5).

N-(4-pyridyl) benzyl carbamate (101)

H Ci13H12N202
=z N\C/O\/©

| T MM 228.25 g/mol

(101)

Yield: 23%. Melting Point: 141-142°C (Found: C, 68.12; H, 5.17; N, 12.15; C3H,,N,0,
requires C, 68.40; H, 5.30; N, 12.28%). &y (200 MHz) (Acetone dg) 9.37 (1H, s, NH),
8.43 (2x 1H, d, NCHCH, J=1.6), 7.56 (2x 1H, d, NCHCH, J=1.6), 7.33-7.47 (5H, m, Ar-
H), 522 (2H, s, CH,Ph); 8¢ (50 MHz) 153.91 (s, C=0), 151.10 (d, NCHCH), 147.21 (s,
pyCNH), 137.24 (s, Ar-C), 129.23 and 128.98 (d, Ar-CH), 112.94 (d, NCHCH), 67.36 (t,
CH,Ph); m/z 228, (M, 10.8%), 210 (2.6), 184 (1.8), 120 (2.3), 108 (2.7), 91 (100), 77
(3.9).
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N-(2-pyridyl) benzyl carbamate (103)

H C13H12N202
=z N\C/O\/©

MM 228.25 g/mol

Yield: 50%. Melting point: 114°C. &y (200 MHz) 10.39 (1H, s, NH), 8.13-8.17 (1H, m,
NCH), 8.04 (1H, d, N(CH),CH, J=4.2), 7.60-7.69 (1H, m, NCHCH), 7.32-7.42 (SH, m, Ar-
H), 6.76-6.83 (1H, m, NCCH), 523 (2H, s, PhCH,); 8¢ (50 MHz) 153.52 (s, C=0),
152.37 (s, pyC), 147.63 (d, NCH), 138.48 (d, NCHCHCH), 135.88 (s, Ar-C), 128.59,
128.43 and 128.37 (d, Ar-CH), 118.37 (d, NCCH), 112.50 (d, NCHCH), 67.09 (t, PhCH,);
m/z 228 (M", 9.0%), 183 (3.9), 122 (9.0), 106 (7.6), 94 (16.3), 91 (100), 79 (7.9), 78 (7.9),
77 (6.0).
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4.2.5 GENERAL PROCEDURE FOR THE PREPARATION OF ALLYL CARBAMATES

To a solution of the (aryl) primary amine (0.25-1.0 g), in dry THF and at room
temperature, was slowly added one equivalent of allyl chloroformate. The reaction mixture
was allowed to stir for 8 hrs (or overnight) and the solvent and unreacted chloroformate
removed by vacuum distillation. The products were purified, where necessary, by
centrifugal chromatography (ethyl acetate in hexane) to yield the crystalline allyl

carbamates.

N—phenyl allyl carbamate (105)

H
N\C/O\/\ C1oH1INO2
I MM 177.20 g/mol

(105)

Yield: 66%. Melting Point: 56-58°C. (Found: C, 68.19; H, 6.44; N, 7.93; C,;H,;NO,
requires C, 67.78; H, 6.26; N, 7.91%). & (200 MHz) 7.26-7.42 (4H, m, Ar-H), 7.02-7.11
(1H, m, Ar-H), 6.68 (1H, s, NH), 5.88-6.07 (1H, m, CH=CH,), 5.23-5.42 (2H, m,
CH=CH,), 4.65-4.69 (2H, dt, OCH,CH, J=2.8, J=0.7); 8. (50 MHz) 153.19 (s, C=0),
137.75 (s, Ar-C), 132.41 (d, CH,CH=CH,), 129.06, 123.51 and 118.66 (d, Ar-CH), 118.27
(t, CH=CH,), 65.85 (t, OCH,CH); m/z 177 (M", 33.9%), 132 (29.5), 106 (36.3), 92 (29.3),
77 (16.0), 41 (100).
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N-p-chlorophenyl allyl carbamate (106)

; |
N O X C1oH1INOCI
I MM 211.64 g/mol
cl

(106)

Yield: 95%. Melting Point: 43-45°C. (Found: C, 57.11; H, 5.01; N, 6.49; C;,H,,CINO,
requires C, 56.73; H, 4.76; N, 6.62%). &y (200 MHz) 7.22-7.36 (4H, m, Ar-H), 6.9 (1H, s,
NH), 5.85-6.04 (1H, m, CH=CH,), 5.22-5.40 (2H, m, CH=CH,), 4.63-4.67 (2H, dt,
OCH,CH, J=2.9, J=0.7); ¢ (50 MHz) 153.23 (s, C=0), 136.41 (s, Ar-C), 132.21 (d,
CH=CH,), 129.00 and 119.99 (d, Ar-CH), 118.43 (t, CH=CH,), 66.02 (t, OCH,CH); m/z
211 (M", 37.8%), 153 (20.5), 126 (48.9), 99 (32.0), 90 (17.1), 41 (100).
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4.3.6 PREPARATION QF N-a-NAPHTHYL CINNAMYL CARBAMATE (107)

H CaoH17NO
N A7
‘ ﬁ N MM 303.36 g/mol
o)

- 107)

Naphthyl-1-isocyanate (0.5 g, 2.96 mmol) and cinnamy] alcohol (0.397 g, 2.96 mmol) were
dissolved in dry THF (10 ml) and then 4 -drops triethylamine (Et;N) were added to the
stirred solution as catalyst. The now slightly red solution was allowed to stir for 6 h during
which time precipitation of the product began. The solvent was removed in vacuo and the
product purified by centrifugal chromatography (30% ethyl acetate in hexane) to yield the
pale yellow crystalline carbamate. Yield ca. 0.5 g (56%). Melting Point: 99-100°C.
(Found: C, 78.95; H, 5.83; N, 4.64; C,,H,,NO, requires C, 79.18; H, 5.65; N, 4.62%). &y
(200 MHz) 7.42-7.90 (12H, m, Ar-H), 7.06 (1H, s, NH), 6.69 (1H, d, CH=CHPh, J=7.9),
6.31-6.42 (1H, dt, CH,CH=CH, J=3.2, J=8.0), 4.87 (2H, dd, OCH,CH, J=3;2, J=0.7); 8¢
(50 MHz) 136.15, 134.02 and 132.36 (s, Ar-C), 134.27 (d, CH=CHPh), 128.70, 128.60,
128.08, 126.63, 126.24, 125.99 and 125.77 (d, Ar-CH), 123.32 (d, CH=CHPh), 66.04 (t,
OCH,CH); m/z 303 (M", 0.5%), 259 (6.5), 169 (36.3), 140 (12.5), 134 (7.3), 117 (100),
115 (34.7), 105 (6.6), 91 (19.4), 77 (8.8).
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4.2.7 PREPARATION QF N-PHENYL (1-PHENYL)ETHYL CARBAMATE (110)

1}\11 0O C15sH15NO2

\C/
0] CH3

(110)

BuLi (1.82 ml, 1.33 M, 2 eq.) was added to a solution of N-phenyl benzyl carbamate (84)
(0.25 g, 1 mmol) in THF (5 ml), under nitrogen and anhydrous conditions, at -78°C. The
solution was allowed to stir for 40 min before iodomethane (0.08 ml, 0.17 g, 1 eq.) was
added and the reaction mixture allowed to stir for a further 1.5 h. The reaction was
quenched with water (2 ml) and the solvent removed. The organics were extracted into
chloroform, the extracts dried and the solvent removed. ‘The product was purified by
centrifugal chromatography (10% ethyl acetate in hexane) to yield a very pale yellow oil.
This was determined to be a mixture of starting material and product, which were
inseparable. Yield: 0.142 g (54%) (based on product mass and NMR integral ratios). &y
(200 MHz) 6.97-7.39 (10H, m, Ar-H), 5.88 (1H, q, CHPh, J=3.3), 1.56 (3H, d, CH;,
J=3.3); 8¢ (50 MHz) ca. 153 (C=0), 141.55 (s, NAr-C), 137.83 (s, Ar-C), 66.83 (d,
CHPh), 22.21 (q, CHj); m/z 241 (M", 1.5%), 197 (1.0), 182 (3.9), 119 (3.3), 105 (100), 93
(19.3), 91 (6.9), 77 (14.7). |
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4.2.8 GENERAL PROCEDURE FOR THE REARRANGEMENT OF CARBAMATES TO
CONDARY AND TERTIARY AL

To a stirred solution of the aryl benzyl carbamate or the N-naphthyl cinnamyl carbamate in
dry THF, under nitrogen and at 0°C, was added 2.2 equivalents of n-butyllithium (in
hexane). The reaction mixture was allowed to stir for 6-8 h, during which time it was
allowed to warm up to room temperature. (Except in the case of N-(4-pyridyl) benzyl
carbamate where the reaction mixture was allowed to stir at 0°C for 3.5 h.) The reaction
was quenched by adding 5 ml water. The solvent was partially removed before the
reaction mixture was extracted into chloroform, the extracts dried over anhydrous MgSO,
and the solvent removed on a rotary evaporator. The products were purified by centrifugal

chromatography (ethyl acetate in hexane) to yield the crystalline products in varying yields

(2-Biphenyl)phenylmethanol [1’-phenylbenzhydrol / 1'-phenyldiphenylmethanol] (76)

Ci9H160

l l MM 260.33 g/mol

Yield: 64% (leq. BuLi). Melting point: 61°C (Lit'>’: 66°C). (Found: C, 87.25; H, 6.35;
C1oH,0 requires C, 87.66; H, 6.20%). &y (200 MHz) 7.51-7.55 (1H, m, Ar-H), 7.10-7.39
(13H, m, Ar-H), 5.89 (1H, s, CHOH), 2.2 (1H, s, CHOH); 8 (50 MHz) 143.77, 141.25,
140.97 and 140.76 (s, Ar-C), 129.96, 129.33, 128.15, 128.09, 127.84, 127.35, 127.14 and
126.59 (d, Ar-CH), 72.20 (d, CHOH); IR (em™) 3420 (OH); m/z 260 (M", 64.4%), 242
(100), 181 (82.1), 165 (96.2), 152 (88.5), 105 (70.5), 77 (89.8).
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Diphenylmethanol [benzhydrol] (85)

OH

Ci13H120
O O MM 184.23 g/mol

(85)

Yield: 71%. Melting point: 60°C (Lit'*": 65-67°C). 8, (200 MHz) 7.18-7.29 (10H, m,
Ar-H), 5.62 (1H, s, CHOH), 2.95 (1H, s, CHOH); 8 (50 MHz) 143.72 (s, Ar-C), 128.34,
127.37 and 126.50 (d, Ar-CH), 75.95 (d, CHOH); IR (cm™) 3228 (OH); m/z 184 (M,
36.8%), 165 (8.3), 105 (100), 77 (49.4).

(o-Naphthyl)phenylmethanol (96)

OH
C17H40
O O MM 234.29 g/mol

(96)

Yield: 62%. (Found: C, 86.84; H, 6.24; C;;H,40 requires C, 87.15; H, 6.02%). & (200
MHz) 7.22-8.03 (12H, m, Ar-H), 6.495 (1H, s, naphCH(OH)Ph), 2.42 (1H, s, OH); 8¢ (50
MHz) 143.06, 138.74, 133.88 and 130.64 (s, Ar-C), 128.74, 128.50, 128.45, 127.64,
127.02, 126.12, 125.57, 125.30, 124.58 and 123.95 (d, Ar-CH), 73.60 (d, naphCH(OH)Ph);
m/z 234 (M, 64.6%), 215 (23.9), 155 (21.7), 128 (88.7), 105 (100), 77 (42.9).
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(p-Chlorophenyl)phenylmethanol [p-chlorobenzhydrol / p-chlorodiphenylmethanol] (98)

OH

Ci13H110Cl
‘ O MM 218.68 g/mol

°8)

Yield: 10%. Melting point: 55-56°C (Lit"* '**: 50-56°C). (Found: C, 71.63; H, 5.02;
CsH,,CIO requires C, 71.38; H, 5.07%). 8y (200 MHz) 7.25-7.36 (9H, m, Ar-H), 5.79
(1H, s, CHOH), 2.32 (1H, s, CHOH); 8 (50 MHz) 143.41 and 142.18 (s, Ar-C), 133.25
(s, Ar-C-CD)'*, 128.64, 128.58, 127.85 and 126.50 (d, Ar-CH), 75.60 (d, CHOH); m/z
218 (M*, 52.2%), 139 (47.3), 111 (11.1), 105 (100), 77 (39.2).

(p-Methylphenyl)phenylmethanol [p-methylbenzhydrol / p-methyldiphenylmethanol] (100)

OH

C14H140
O O MM 198.68 g/mol
H3C

(100)

Yield: 14%. Melting point: 50-54°C (Lit'*’: 52-53°C). 8y (200 MHz) 7.30-7.36 (5H, m,
Ar-H), 7.10-7.30 (4H, m, CH;Ar-H), 5.77 (1H, s, CH(OH)), 2.32 (s, CHy), 2.32 (11, s,
OH); 8¢ (50 MHz) 143.94 and 140.95 (s, Ar-C), 137.23 (s, Ar-C-Me)'*?, 128.97, 128.23,
127.23, 126.32 and 126.25 (d, Ar-CH), 75.85 (d, CH(OH)), 20.92 (q, CHy); m/z 198 (M",
45.8%), 183 (23.0), 119 (79.6), 105 (100), 92 (55.8), 77 (58.1).
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(4-Pyridyl)phenylmethanol (102)

OH
C12H12NO

74
| MM 185.22 g/mol

Na
(102)

Yield: 35%. 8y (200 MHz) 8.33 (2x 1H, dd, NCH, J=2.3, J=0.7), 7.24-7.38 (7H, m, Ar-H
and 2x NCHCH), 5.74 (1H, s, CH(OH)), 5.6-5.8 (1H, s, OH); 8¢ (50 MHz) 153.98 (s,
pyC), 148.98 (d, NCHCH), 143.23 (s, Ar-C), 128.63, 128.57, 128.18 and 126.84 (d, Ar-
CH), 121.53 (d, NCHCH), 74.48 (d, CH(OH)); m/z 185 (M", 58.1%), 167 (4.5), 107
(25.4), 79 (100), 77 (30.7).

(2-Pyridyl) phenylmethanol (104)

OH

Ci12H12NO

| MM 185.22 g/mol
x> N
(104)

=

Yield: 23%. & (200 MHz) 9.84 (1H, s, OH), 8.20 and 8.24 (1H, d, NCH, J=0.4), 7.95-
7.98 (1H, dd, NCCH, J=2.4, J=0.4), 761-769 and 6.93-7.00 (2x 1H, m, NCHCHCH), 7.50-
7.59 3H, m, m & p-Ar-H), 7.25-7.39(2H, m, o- Ar-H), 5.30 (1H, s, CH(OH)); 8¢ (50
MHz) 150.60 (s, pyC), 146.88 (d, NCH), 139.17 (s, Ar-C), 138.93 (d, NCHCHCH),
128.60, 128.44 and 126.72 (d, Ar-CH), 119.92 (d, NCCH), 114.24 (d, NCHCH), 74.51 (d,
CH(OH)); m/z 185 (M", 84.0%), 167 (9.0), 108 (48.0), 105 (12.6), 79 (100), 77 (40.0), 51
(29.6).
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1-(o.-Naphthyl)-3-phenylprop-2-en-1-ol (109)

OH
C19H160
O /\@ MM 260.33 g/mol

| (109)

Yield: 40%. (oil that crystallises out exceptionally slowly) &y (200 MHz) 7.05-8.14
(12H, m, Ar-H), 6.34-6.72 (1H, dd, CH=CHPh, J=8.0, J=0.4), 6.42-6.53 (1H, dd,
CH=CHPb, J=8.0, J=2.8), 5.95 (1H, d, CH(OH), J=2.8), 2.65 (1H, s, OH); & (50 MHz)
138.22, 136.49 and 133.83 (s, Ar-C), 130.99 (d, CH=CHPh), 130.74, 128.75, 128.46,
128.42, 127.64, 126.54, 126.11, 125.60, 12541 and 123.93 (d, Ar-CH), 123.70 (d,
CH=CHPh), 71.88 (d, CH(OH)); m/z 260 (M", 21.4%), 181 (3.0), 169 (11.5), 155 (100),
141 (25.7), 127 (34.1), 115 (8.8), 105 (10.7), 77 (17.4).

1,1-Diphenylethanol [o-methylbenzhydrol] (111)

CH3

C14H140
O OH ‘ MM 198.26 g/mol

(111)

Yield: 10%. Melting point: 78-82°C (Lit'**: 77-81°C). &y (200 MHz) 7.05-7.72 (10H,
m, Ar-H), 3.28 (1H, s, OH), 1.89 3H, s, CH;); &: (50 MHz) 142.83 and 137.38 (s, Ar-
C), 130.93, 128.96, 128.54, 128.03, 125.28, 124.42 and 119.64 (d, Ar-CH), 76.92 (s,
Ph,C(CH3)OH), 27.28 (q, CHy); m/z 198 (M", 5.7%), 183 (69.4), 165 (9.1), 155 (5.2), 120
(15.6), 105 (100), 77 (55.4), 51 (19.6), 43 (60.9).
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4.2.9 PREPARATION QF N-(2-BIPHENYL) (CYCLOHEXYLPHENYL)METHYL

CARBAMATE (75)
H CosHy7NO
N\C/O O 26H27NO>
O I MM 385.50 g/mo

(75)

BuLi (0.4 ml, 1.1 eq., 2.35M) was added dropwise to a solution of N-(2-biphenyl) benzyl
carbamate (73) (0.25 g, 0.8 mmol) in dry THF (5 ml) at -78°C. The slightly orange
solution was allowed to stir for 0.5 h before bromocyclohexane]45 (0.148 g, 0.115 ml, 1.1
eq.) was added. After a few minutes the solution turned a deep emerald green and this
solution was stirred for 3 h before the reaction was quenched with water (2 ml). The THF
was removed and the residue extracted into chloroform and the extracts dried over
anhydrous MgSO,. The solvent was removed to yield a pale yellow, milky oil which was
purified using centrifugal chromatography (5% ethyl acetate in haxane). Yield: 27% oy
(200 MHz) 8.026 (1H, d, Ar-H, J=3.8), 7.04-7.49 (13H, m, Ar-H), 6.63 (1H, s, NH), 5.446
(1H, d, OCH(C¢H,)Ph, J=4), 0.88-1.76 (11H, m, cyclohexyl); &c (50 MHz) 153.31 (s,
C=0), 139.74, 138.13, 134.71 and 120.46 (s, Ar-C), 130.07, 129.29, 128.98, 128.34,
128.14, 127.81, 127.68, 127.03 and 123.53 (d, Ar-CH), 81.30 (d, OCH(C¢H,,)Ph), 42.88
(d, OCH(CH)-Ph), 28.98 (t, -CH,CHCH,-), 26.24 (t, -(CH,),CH,(CH,),-), 25.82 and 25.75
(t, -CH,CH2CH2-); m/z 385 (M, 0.5%), 258 (10.9), 207 (6.3), 173 (11.9), 167 (8.6), 107
(21.6), 91 (100), 81 (11.2), 79 (9.1). |



N o AN

10.
11.
12.
13.
14.
15.
16.

17.
18.

19.
20.

21.
22.

23.
24

S. F E

P. Adams and F. A. Baron; Chem. Rev.; 1965; 65; 567.

A. F. Hegarty; Comprehensive Organic Chemistry Vol. 2; 1083.

Chem. Abstr.; 1954; 48; 13051d.

Chem. Abstr.; 1956; 50; 12104a.

R. Stevenson; Chemistry in Britain; 1994; 30(3); 165.

J. Alexander, R. Cargill, S. Michelson and H. Schwam; J. Med. Chem.; 1988; 31;
318.

Chem. Abstr.; 1948; 42; 2130h.

Chem. Abstr.; 1960; 54; 19020g.

Chem. Abstr.; 1958; 52; 17634g.

Chem. Abstr.; 1962; 56; 3678g.

Chem. Abstr.; 1958; 52; 20867c.

Chem. Abstr.; 1955; 49; 10569a.

Chem. Abstr.; 1951; 45; 2142d.

H. Eckert and B. Forster; Angew. Chem. Int. Ed. Engl.; 1987, 26(9); 894.

E. Falb, A. Nudelman and A. Hassner; Synthetic Communications;1993; 23(20);
2839.

T. Konakahara, T. Ozaki, K. Sato and B. Gold; Synthesis; 1993; 103.

D. Hoppe, R. Hanko and A. Bronneke; Angew. Chem. Int. Ed. Engl.; 1980; 19(8);
625.

M. Aresta and E. Quaranta; Tetrahedron; 1991; 47(45); 9489.

A. K. Ghosh, T. T. Duong and S. P. M°Kee; Tetrahedron Letters; 1991; 32(34);
4251.

K. J. Butcher; Synlett; Oct 1994; 825.

Y. Yoshida, S. Ishii, M. Watanabe and T. Yamashita; Bull. Chem. Soc. Jpn.; 1989,

62(5); 1534.
Y. Sasaki and P. H. Dixneuf; J. Chem. Soc., Chem. Comm.; 1986; 790.
R. Mahé, P. H. Dixneuf and S. Lécolier; Tetrahedron Letters;1986; 27(52); 6333.

113



25.
26.
217.
28.
29.
30.

31.
32.

33.
34.

35.
36.
37.

38.
39.

40.
41.
42,
43,
44,
45,
46,
47.

48.

114

T-H. Chuang, C-C. Yang, C-J. Chang and J-M. Fang; Synlett; 1990; 733.

V. Spéziale, R. Sakellariou and M. Hamdi; Synthesis; 1992; 921.

D. Hoppe and A. Bronneke; Synthesis; 1982 (#12); 1045.

P. Zhang and R. E. Gawley; J. Org. Chem.; 1993; 58(12); 3323,

V. Snieckus; Chem. Rev.; 1990; 90; 879.

K. Ono, K. Fugami, S. Tanaka and Y. Tamaru; Tetrahedron Letters; 1994; 35(24),
4133.

Y. Endo, S. Hizatate an‘d K. Shudo; Synlett; 1991; 649.

A. R. de Faria, C. R. R.. Matos and C. R. D. Correia; Tetrahedron Letters;1993;
34(1); 27.

L. E. Overman, C. B. Campbell and F. M. Knoll; J. Am. Chem. Soc.; 1978; 4822.

A. Hassner and C. Stumer; Organic Syntheses Based on Name and Unnamed
Reactions; Pergamon, Oxford; 1994; p301.

M. Pozo and V. Gotor; Tetrahedron; 1993; 49(20); 4321.

S. T. Kerrick and P. Beak; J Am. Chem. Soc.; 1991; 113; 9708.

D. S. Brown, M. J. Earle, R. A. Fairhurst, H. Haeney, G. Papageorgion, R. F. Wilkins
and S. C. Eyley; Synlett; 1990; 619.

B. A. Barner and R. S. Mani; Tetrahedron Letters; 1989; 30(40); 5413.

D. Hoppe, R. Hanko, A. Bronekke and F. Lichtenberg; Angew. Chem. Int. Ed. Engl.;
1981; 20(12); 1024.

R. Hanko and D. Hoppe; Angew. Chem. Int. Ed. Engl.; 1981; 20(1); 127.

D. Hoppe and F. Lichtenberg; Angew. Chem. Int. Ed. Engl.; 1982; 21(5); 372.

R. Hanko and D. Hoppe; Angew. Chem. Int. Ed. Engl.; 1982; 21(5); 372.

D. Hoppe and F. Lichtenberg; Angew. Chem. Int. Ed. Engl.; 1984; 23(3); 239.

D. Hoppe and T. Krémer; Angew. Chem. Int. Ed. Engl.; 1986; 25(2); 160.

T. Krédmer, J-R. Schwark and D. Hoppe; Tetrahedron Letters; 1989; 30(50); 7037.

D. Hoppe and O. Zschage; Angew. Chem. Int. Ed. Engl.; 1989; 28(1); 69.

O. Zschage, J-R. Schwark and D. Hoppe; Angew. Chem. Int. Ed. Engl.; 1990; 29(3);
296.

M. Marsch, K. Harms, O. Zschage, D. Hoppe and G. Boche; Angew. Chem. Int. Ed.
Engl.; 1991; 30(3); 321.



49.

50.
51.
52.

53.
54.

55.
56.

57.
58.
59.

60.
61.

62.

63.

64.

65.

66.

67.

68.
69.

115

D. Hoppe, F. Hintze and P. Tebben; Angew. Chem. Int. Ed. Engl.; 1990; 29(12);
1422.

M. Paetow, H. Ahrens and D. Hoppe; Tetrahedron Letters; 1992; 33(37); 5323.

H. Ahrens, M. Paetow and D. Hoppe; Tetrahedron Letters; 1992; 33(37); 5327.

D. Hoppe, T. Kramer, C. F. Erdbriigger and E. Egert; Tefrahedron Letters; 1989,
30(10); 1233.

D. Hoppe and C. Riemenschneider; Angew. Chem. Int. Ed. Engl.; 1983; 22(1); 54.

D. Hoppe, C. Gonschorrek, D. Schmidt and E. Egert; Tetrahedron; 1987; 43(11);
2457.

D. Hoppe and C. Gonschorrek; Tetrahedron Letters; 1987; 28(7); 785.

D. Hoppe, C. Gonschorrek, E. Egert and D. Schmidt; Angew. Chem. Int. Ed. Engl.;
1985; 24(8); 700. A

W. Nerinckx and M. Vandewalle; Tetrahedron: Asymmetry;, 1990; 1(4); 265.

J. K. Whitesell; Chem. Rev.; 1989; 89; 1581.

J. Martens, Ch. Dauelsberg, W. Behnen and S. Wallbaum; Tetrahedron: Asymmetry;
1992; 3(3); 347.

S. Wallbaum and J. Martens; Tetrahedron: Asymmetry; 1991; 2(11); 1093.

S. Itsuno, M. Nakano, K. Miyazaki, H. Masuda, K. Ito, A. Hirao and S. Nakahama; J.
Chem. Soc. Perkin Trans. I1; 1985; 2093.

S. Itsuno, Y. Sakurai, K. Shimizu and K. Ito; J. Chem. Soc. Perkin Trans. I; 1989;
1548.

B. T. Cho and Y. S. Chun; Tetrahedron: Asymmetry; 1992; 3(12); 1583.

K. Soai, T. Hatanaka and T. Miyazawa; J. Chem. Soc., Chem. Commun.; 1992; 1097.

L. Shenglian, J. Yaozhong and M. Aiqiao; Tetrahedron: Asymmetry; 1992; 3(11);
1467.

I. Inoue, M. Shindo, K. Koga and K. Tomioka; Tetrahedron: Asymmetry; 1993; 4(7);
1603.

D. Bhuniya and V. K. Singh; Synthetic Communications; 1994; 24(3); 375.

K. Fuji, K. Tanaka and H. Miyamoto; Tetrahedron: Asymmetry; 1993; 4(2); 247.

D. Enders et al.; Organic Syntheses Vol. 65; 173 and 183.



70.

71.
72.

73.

74.

75.
76.
71.

78.
79.
80.
8l1.
82.
83.
84.

85.
86.
87.
88.
89.
90.
91.

92.
93.

116

S. E. Denmark, T. Weber and D. W. Piotrowski; J. Am. Chem. Soc.; 1987; 109;
2224,

Bonin et al.; Organic Syntheses; Vol. 70; 54.

L. Guerrier, J. Royer, D. S. Grierson and H-P. Husson; J. Am. Chem. Soc.; 1983;
105; 7754.

V. Ratovelomanana, J. Royer and H-P. Husson; Tetrahedron Letters;1985; 26(32);
3803. -

D. S. Grierson, J. Royer, L. Guerrier and H-P. Husson; J. Org. Chem.; 1986; 51;
4475.

M. E. Dyen and D. Swemn; Chem. Rev., 1967; 67; 197.

H. K. Hall Jr. and A. El-Shekeil; J. Org. Chem.; 1980, 45, 5325.

J. W. Conforth; “Heterocyclic Compounds” Vol. 5; Ed. Elderfield, R C; Wiley &
Sons, Inc.; New York; 1957, 396.

H. K. Hall Jr.; J. Am. Chem. Soc.; 1958; 80; 6412.

P. C. Marais and O. Meth-Cohn; J. Chem. Soc. Perkin Trans. 1, 1987; 1553.

J. P. Liand J. H. Biel; J. Org. Chem.;1970; 35(12); 4100.

Chem. Abstr.; 1987; 107; 155833a.

Chem. Abstr.; 1987, 107; 199843h.

Chem. Abstr.; 1989; 111; 155936u.

(a) Chem. Abstr.; 1989; 111; 57600k. (b) Chem. Abstr.;l 1989; 110; 8198f.
(c) Chem. Abstr.; 1989; 113; P172004x.

(a) Chem. Abstr.; 1988; 109; 18763e. (b) Chem. Abstr.; 1987; 107; 19357w.

Chem. Abstr.; 1991; 114; P234838d.

Chem. Abstr; 1989;. 111; 180058s.

Chem. Abstr.; 1991; 114; 137647h.

Chem. Abstr.; 1989; 111; 7390w.

D. Delauhay and M. Le Corre; J. Chem. Soc. Perkin Trans. 1; 1994; 3041.

C. A. Marques, M. Selva, P. Tundo and F. Montanari; J. Org. Chem.; 1993; 58;
5765.

T. Hayashi, A. Yamamoto and Y. Ito; Tetrahedron Letters; 1987, 28(41); 4837.

R. W. Friesen; Tetrahedron Letters; 1990; 31(30); 4249,



117

94, R.W. Friesen and A. E. Kolaczewska; J. Org. Chem.; 1991; 56(16); 4888.

95. R. W. Friesen, A. E. Kolaczewska and N. Khazanovich; Tetrahedron Letters; 1992;
33(45); 6715.

96. R.W. Friesen and L. G. Phipps; Synlett; 1991; 420.

97. Y. Yamamoto, H. Sato and J. Yamada; Synlett; 1991; 339.

98. A. Hassner and C. Stumer; Organic Syntheses Based on Name and Unnamed
Reactions; Pergamon, Oxford; 1994; p351. _

99. N.W. Gilman, P. Levitan and L. H. Sternbach; J. Org. Chem.; 1973; 38; 373.

100. J. F. Bunnet and R. E. Zahler; Chem. Rev.; 1951, 49; 362.

101. S. Smiles; . Chem. Soc.; 1931;3264.

102. R. Bayles, M. C. Johnson, R. F. Maisey and R. W. Turner; Synthesis; 1977; 31.

103. W.E. Truce, E. M. Kreider and W. W. Brand; Org. React.; 1970; 18; 100.

104. R. Bayles, M. C. Johnson, R. F. Maisey and R. W. Turner; Synthesis; 1977; 33.

105. S. G. Davies and W. E. Hume,; Tetrahedron Letters; 1995; 36(15); 2673.

106. R. T. Morrison and R. N. Boyd; Organic Chemistry; 5th Ed; 1987; Allyn & Bacon;
1110.

107. R. T. Morrison and R. N. Boyd; Organic Chemistry; 5th Ed; 1987; Allyn & Bacon;
1102.

108. P. A. S. Smith; Org, React.; 1946; 3; 337, 355.

109. A. Hassner and C. Stumer; Organic Syntheses Based on Name and Unnamed
Reactions; Pergamon, Oxford; 1994; p 83.

110. A. Hassner and C. Stumer; Organic Syntheses Based on Name and Unnamed
Reactions; Pergamon, Oxford; 1994; p403 and references cited therein. -

111. A. Hassner and C. Stumer; Organic Syntheses Based on Name and Unnamed
Reactions; Pergamon, Oxford; 1994; p 236.

112. D. C. Berdt and W. J. Adams; J. Org. Chem.; 1966; 31; 976.

113. ALCHEMY III for IBM Compatibles by TRIPOS Associates.

114. K. Soai, A. Ookawa, T. Kaba and K. Ogawa; J. Am. Chem. Soc.; 1987; 109; 7111.

115. D. Enders et al.; Organic Syntheses; Vol. 58; 113.

116. J.V.B. Kanth and M. Periasamy; Tetrahedron; 1993; 49(23); 5127.

117. W. Grassmann and E. Wiinsch; Chem Ber.; 1958; 91; 462.



118

119

120

121

122

123

124

125
126

127
128

129
130

118

. B.S. Furniss, A. J. Hannaford, P. W. G. Smith and A. R. Tatchell, Ed; Vogel's
Textbook of Practical Organic Chemistry, 5th Ed; Longman Scientific and
Technical, New York, 1989; 430.

. B.S. Furniss, A. J. Hannaford, P. W. G. Smith and A. R. Tatchell, Ed; Vogel's
Textbook of Practical Organic Chemistry, 5th Ed; Longman Scientific and
Technical, New York, 1989; p431.

. (a) personal communication D. K. Yoell and C. Raab. (b) C. A. Jones, I. G. Jones,
M. North and C. R. Pool; Tetrahedron Letters; 1995; 36(43); 7885.

. K. Ohno, H. Nishiyama and H. Nagase; Tetrahedron Letters; 1979; #45; 4405.

. B. S. Furniss, A. J. Hannaford, P. W. G. Smith and A. R. Tatchell, Ed; Vogel's
Textbook of Practical Organic Chemistry, 5th Ed; Longman Scientific and
Technical, New York, 1989; 663, 987.

. K. F. Bernady, M. B. Floyd, J. F. Poletto and M. J. Weiss; J. Org. Chem.;1979;
44(9); 1442.

. (@) J-N. Denis, A. Correa and A. E. Greene; J. Org. Chem.; 1991; 56(24); 6940.
(b) J-N. Denis, A. Correa and A. E. Greene; J. Org. Chem.; 1991; 56(24); 6941.
(c) M. Miyashita, A. Yoshikoshi and P. A. Grieco; J. Org. Chem.; 1977; 42(23);
3772.

. J. Goerdeler and J. Galinke; Chem. Ber.; 1957; 90; 203, 216.

. K. C. Nicolaou, T. K. Chakraborty, R. A. Daines and N. S. Simpkins; J. Chem. Soc.,
Chem. Comm.; 1986; 413.

. L. R. Politzer and A. 1. Meyers; Organic Syntheses; Vol. 51; 24.

. (@) G. Caccia, S. Gladiali, R. Vitali and R. Gardi; J. Org. Chem.; 1973, 38(12);
2264. (b) J. B. Hyne; J. Am. Chem. Soc.; 1959; 81; 6058. (c) S. L. Spassov, J. N.
Stefanovsky, B. J. Kurtev and G. Fodor; Chem. Ber.; 1972, 105(8); 2462.

(d) Chem. Abstr.; 84;95657r. (¢) T. Shono, Y. Matsumura and T. Kanazawa;
Tetrahedron Letters; 1983; 24(42); 4577. (f) N. Berova, J. Stefanovsky and B. J.
Kurtev; Tetrahedron,; 197'9; 35(17); 2009 and references cited therein.

. E. Dyer and G. C. Wright; J. Am. Chem. Soc.; 1959; 81; 2138.

. R. T. Morrison and R. N. Boyd; Organic Chémistry; 5th Ed; 1987; Allyn & Bacon;
971.



131

132.
133.
134,
135.
136.

137.

138.

139.
140.
141.
142.
143.
144.
145.

119

G. W. Gribble and R. M. Leese; Synthesis; 1977 (3); 172.

J. L. Kice and G. C. Hanson; J. Org. Chem.; 1973; 38(7); 1410.

G. W. Gribble and M. S. Smith; J Org. Chem.; 1971; 36; 2724.

G. H. Green and J. Kenyon; J. Chem. Soc.; 1950; 751.

J-T. Wang, X. Fan, X. Feng and Y-M. Qian; Synthesis; 1989; 291.

(a) Dictionary of Organic Compounds; 5th Ed; and references cited therein. (b) Org.

- Syn.; 1972; 52; 19. (c) Org. Syn., Coll. Vol. 1; p90. (d) A. Factor, H. Finkbreiner,

R. A. Jerussi and D. M. White; J. Org. Chem.; 1970; 35(1); 57.

D. W. A. Sharp, Ed.; Penguin Dictionary of Chemistry; Penguin Books Ltd, Great
Britain, 1983; 119.

D. D. Perrin, W. L. F. Armarego and D. R. Perrin; Purification of Laboratory
Chemicals, 2nd Ed.; Pergamon, Oxford, 1980.

A. M. Phipps and D. N. Hume; J. Chem. Ed.; 1968; 45; 664.

Prepared using method in Organic Synthesis; Collective Volume 2; 2nd Ed.; 107.

Merck Index, Centennial Ed..

H. M. Hiigel, D. P. Kelly, R. J. Spear, ef al.; Aust. J. Chem.; 1979; 32; 1511.

Dictionary of Organic Compounds, 5th Ed.; M-01637.

Aldrich Library of NMR Spectra; 1974; Aldrich Chemical Co.

Bromocyclohexane was prepared by a modified method of that in Vogel's Textbook
of Practical Organic Chemistry, 5Sth Ed; p5S61. The reaction mixture was refluxed
for 6 h, rather than distilled, and then once the reaction had cooled a small amount
of water was added and the lower bromide layer separated off and worked up as

given. No purification was necessary after this work-up.



120

6. APPENDIX

'H and *C NMR Spectra
and

IR Spectra






0 Wdd 0¢

oy

03

08 07 0el T 097 087

_.~____.________!__________._._____.______.._._.___,___—__n_.___.___,_____F..____p_.__LI.

Lot aealaaael

s o o




0 Wdd 7

[4

£

y

_________!__\F[.____.__L_F______L_F._.[_L________L

§
_

g L

._____LL.__~_..____~__

[ I B

avs

Va

_—

=




0 Wdd 0c oy 08 08 007 - 02t ory 037 - 087

____L_____________.____________P__.___n_______.___\_F___________._____._[____.___._______.___-_PLL

N o e




0 Wdd ¥ . 2 E y g 2] L 8 6

_.r._L___L—FL_%P_.______~__-_—__|—____._Lp_—LL.L_F___—___~_~___—_.___l_n_____.__-~___~_~.-_L|_~F~.|_-_

7




0 Wdd 02 Oy 09 08 007 027 )4 097 087

__L_.F.t__________________Er_[___._F..L~L|____—F_Ll—._r__________P_FL__H__L___._.F__h~__.L~E_E~

gl




0 Wdd ¥ [ E y G g L

_____H___________r___;_____r_______r________________.__F_______.__.________hp__.\_

R~

Lo




0 rdd 02 oy _ 09 08 007 027 ovT 097 087

._!_.‘_cr._._L._____________ph__r_.LF__LL__pF.__F._.__L_L_____________h_.___n_p________L___--_-~F_~__~FL!.

I tgean s A v




0 Hdd } [ E 4 g 9 L B 6

__..____.FF________________L__|______r_.~__|~____________r____._L_____..______________rr_—r_______g___

T




0 Wdd 0c )4 08 08 007 0c? or7? 097 08}

_E_EI___F__%_____LF______L.__~_h|-__r_____~F____F_F_LF__.._.____L__F________.__h__|r__Ll__.__~______.__

” aﬁ}ﬂ;\l:-l_ a r :31 o




0 Wdd ¥ [ E 4 S 9 L 8 6

\____________L_L____r_.________\r_______n____.-LF_L_*____Fk______.________E__[____,_._____._h.____

i

(zL)




0 Wdd 0c ov 09 08 007 0ct ort 097 0BT

.__r__h__r__LL.LLI______LLI____p________~L___.______~________—_~___L______\__.p___._____~____._LL!_|»._|._.L_,~LrL

phoy

(L)




r Ve T 2 £ b P 3 / S

R R T T T T DTS N T T A U TR T Y VO U T U T000 A T U YO SO0 S JOF W W U Y YO WA VA G O S D0 W OO S N WAOS A U U O U U U U0 WO U U0 0 A0 N N O O DAY Y VA0 O W VO YOS 0 W0 U SOt W MY O AT O

¥ . Y —~ — 1Jﬁ|l \ﬁ\\\




& MeAd T nk 09 £H 007 0ct orT noT T
TR R BRI N 1% TR U U0 U L 60 U0 U U U U U O U U O 10 W U O O O TG U A S O G O A O W O U0V WD 0 NS NG O 000 U 0 0 O O ST O S

o & 4 . -

1 gt 1l—= o ow g LJ A A




3T T

(BT EY N

[ wyct

[N

A



0 Ndd } [ E 4 5 9 L 8 B

_—-.—-__—L__...-—-u—-.-—.w---.._.-_-—-.-—.-.._-L.I—.——_—--.—__.-_rr_.~..__—-.___a.__F_—_____

|

-
—~—

—~——

(3]




0 Wdd 02 or 09 08 00% ozt g’ 091 08%

111 1 1 1 1 111 0 1 g2 33 1 1 . 1 1.2 1.1 I 121
1 —- -—-—-—- -—--—--—--—--—--——P--——--—-~ —--— 1 —
_ — 1 12

1"‘%‘-‘1’

(SL)




T}.



0

_-.L-I_..r._..-._...F_.I..._.._.__..._...__...._lf_-l.hl.rfh_....._.._.—..u.__..

Ndd ¥

[

E

14

5

-9

L

8 6

BRSNS RN IR RNl RN N

|

S

N~

o'a+

HO

t

(92)

Y

3




0 Hdd 02 oy 09 08 007 0ct )48 097 087

1 3 s o st v s borvastes s el assataeaalorsatogvsloesortasaelyvertesnelsnvatrrselssastesrslyrsastagarlsrsetagy

-

(9L)

HO



~ v T
[0S IS
o GG TR
Wt
PR R

[




0 Rdd T 2 £ y S 9 L

_______L____.______________________L_FL\____LF________._____F______._____L_____L

o , = JDW




0 Wdd 02 oy 09 08 007 02t il4" 097 087

Lasa ety s o ls vyt vv g b pe vty sa e sv by v by s e b g v a by teaa by sty v byv s by by sy v by lasaaliag

A et s

- 200 et EL et Jﬁ:\l g\ ﬁ




P10

LB

e,

e S Sy H
B : - s ;

=

wl

- o
g )

B

RRCESN

RN

I

PRUETN




0 Wdd ¥ c € 4 S 8 L

________._rr____’__h._.___\____.__.____._.LL__.__._.___.______.___.___.___h.pr___

e 7 aTA




0 Wdd Oc

__.___-__._._.._.._____T___..__._.__._.__.____.-._

oy 03

08 00% 0c?

ory 097 08%

__._..___.I._.__.______.__._.L..___.-_rk._—._____.

}’1}

}i

SN Ve, Py —N._..ru...m;r;

[P | e adak PP

e g AR AT I RARAL



0 Widd ¥ 2 £ p g g : L 8 6

__h:h__[.—_rrn_l______.______.___rbL______L___~_LL_____r_______..___~_-___~F___.___F___hgpk__._____k

] 1




0 Wdd 0¢ oy 09 - 0B 007 0er vy 097 087
_LL..L.._l—Ll—Ir—LL!_Ir_L.LL.L._—LLI_LthL_uLF_L;.-.L__~___.__________r.[____.__nLL___h__.______h______H_~_p|_.~__

T TN

(c8)




0 Hdd ¥ [ E 14 5 9 L 8 6

Laaaabaaa sy asstrnsa bl yatsy s bsvavdvyeasdaaandsresbsagatyeoa bl tanveteyretsssalaarsteraalisntlag

_ =




.

1.1 1 -—-----—-.P-—_--_-——&-—-—-—--—-——-—-- L.t A 1 1.1 11 1111 1111 L
— 1
——--m'-- —---—-— 1 1 11 1 — 1 — 1

—p—— ,1, . [[ —

(¥8)

o\.U/

TZ



0 Hdd ¥ 2 £ y 5 g L
TR W TN T 00 T O T00 R WO N WA VA U0 O T T T N T DO T S0 SN W IO S0 U 200 OO0 W Y00 O O T UG O S TG O T O WA YA T 0 O YO O TOE D% O YA SO N R S WA O O U W N O O0C O WOV BN 0 O Y G

— -

- - —
SVl A Sy =

LTSI TN

S

(s8)

1O L




0 Ndd 0O¢ oy 03 08 00F 0ct ory 091 087

_-.__...~___[~.F.l..._..r._._.__n.lr._..-._-E.~....L..F.bl.._._...r_.-..%_uf__l.h..—....~....—-..._._

o ) —

— e ﬁ.: . Jﬁpﬁ

(s®)

HO




(s8]

el

Fa

31-

o

E)

T

11

R

1.3

ampi,



Wdd _ﬁ




0 Wdd 0¢ oy 08 08 007 0ct ory 037 08}

____________.._______!______.__Fr_.__.______L~___F___.______—_.__.__—r__l__~h_h_f_________.___.._~.-

" i L Y




0 Wdd 1 . 2 £ y g g L g8 6

\_L____________.___.___________.~__FL_.____..____.__________.________________~._______.L_____F_T_.rr

F— N Jh




0 Hdd 02 ov 09 08 1 0ct ory 03} 087

—..h._-l-.._...._.-..I_..F-_...,.L...._...._..n.._.l..__.....n...._...._-..._....-..._...._...-_.-LF_.-..

g T T




0 Hdd ¥ c E 4 S

) IS SR U5 B 000 S0 DO U0 2 K T SR WO JNK T W MY TN AN TNNE MY A S D N N | ST T T UAE A TAE T W G TG WA N W |
,ﬁ 7 T [
Mﬂ \\I

9 L

SIS R TN T U W K T T N K TG WK WA N0 T WO S W N W AR AR T N NC INC TR WA BE R MY




Kdd 02 oy 08 08 001 02t 4] 03?7 08t

r...um._F-_-._-_._.._..L.__p-_p__.__Ir_.__._._P-.._...-_._..h.—.—-...h__..-L+—~r-..__.~.__-P..__~L~
v ;S.,..,."....t.~;)q.ett.i.r..(.:\..,.r,_ ﬁl?..:...,.&\:, AL ., .rx.xiiwfﬁﬂw.r.f ....f.r._.ue},_: . ,..,1\....&}.»3.?«2{....A_ixit.f.i&wirit}frzvfg LVYQ.& ﬁ«..?.r;t??...is..ﬁ?«t‘l&sr, o kT P S
!

it




¢ Wdd T c E v 5 3 L B A

._.._._L._,_L.L;._l_LL.\_....—IE_L:__._—.r___h____m___n__~__~___r7-L__~_.-____p___LL_~__L___LL___L_»h______kh_

N V) I\
ror




0 HAd 02 or 09 08 007 021 ory o car

Dy gt da gt te g bt aad ool b s b b b s Lo e o daaa Laaaad oo d s

as

éé




0 Wdd 1

IS SN AT AN N AN T AN IR B AR AR AR AT SN AN U AN EE U A S U 00 O 00 N O

c

E

y

)

9

L

8

SRR AR EERR RSN BN AN SN OR U5 R AR AU A AN AN SR AU AN SE AN TE B AR SN AU AR U AN R AN PU N AR MR IR AN TN AN AN NN NN AR AN

maae

~

ﬁ

-

-



0 Wdd Oc 114 09 . 08 007 0ct )4’ 097 087

r..__w___.____._h_r___._________.;________._____.________________________n_____bL__.____.F_____r___

A}
w0




n

_h._.__.._F.._.L___L_L___,._.___P_LuL___._________.___.______L___.___________

_.__ﬂ.x:u.

T
L4

c

£

4

5

39

L
|

o
!

0 VI N TR Y N (Y DO W5 ) A B

—

T

-~

-

—

Y

“

A




oy - 03 08 00y A : that £ay AT
! . . . NN NN .LLLLLL. caa o by by by aaa b aaad ol g}

; Y ; R TR EACAPA Y, G Al e A N DRACIVN Licag 1.

A | ) LT Y O A T 1RO YR 2 LT T T 1L




0 Hdd T c £ fr 5 9 4 8
bavraadoeee o gaodasaa e vea aaaa o bogaad o ea gy bt vl _LL.LLlrtLLULLL.ELLLLLLLLL .m
. b Y 1 DS WO I S O O

T - ]

(96) . ¥

HO




0 Hdd 02 oy 03 08 007 0ct ov? 037 0ar

___._F_L_Lmhp______L__F___LI______.~_-_._____________F_____._,__F_L__._

P Leraall ot Lenaa o beea

Py

(96)

HO



0 Wdd ¥ [

[ INEE TS ST AR RN SR R JR AR AN UE U BN O S O T IO

1

E 4

g

L

8

_____‘_.___._____________________ Lov v aysv by v vy s by v g il

6
i b

|

SRRAT

o

i

|

L




0 Wdd Oc ov 08 08 007 0cy oy 097

____.___________.L______u_______________—_Lk__r_.___.LL.___LL_._________.__N

}3351%%

| EEE IR I AU TR WS B S B5 U U B 0 A N I O

Le)

o)
H
0]

D

TZ



0 Wdd ¥ c E y ) 9 L 8 6

LL_________.________~_.____._—_.__.___r_______..___________________._.\_.___________p___n____.__-__

VT O T

(86)
10

HO




0 Wdd 02 oV 09 08 007 021 Ve’ 097 087

__L__L________FF__________h_____.________~.___L|___L______.________._I_______________._—_Lh-_______,

1}

(86)
10

HO



it Medd 1 4 £ 1§ G 9 / B R
ottt aatagaateread v ool rada sy ada s ey oy oo lav sty o e by v s b v g basaala gt
- , -
- — — W
— S W.




2 M _3 -~ or 03 08 007 0T A 097 08T

u._.__~__.._L.._l._;_!_n_l_._LLl__,..FL..._LL:_L.__I.__.__._LL___~__L___._._____________________r_lru__LLl_F_____T-.__._.______

emtaniniini ia ot o i s dau
)




0 Add 7 [ E y 5 9 L 2 - b

.LLLLLL!_L__r__r_____~________~_______L_;________________L_F______F__h___n__—____._F____n___~._..____

' 11.\1.)..\».{../J“HH. | 1 mh h

(0o01)
O'H

HO




g 4 0B 007 02y or? 037 087
_.m._._,r..r._._.__ﬂ_m_hm.m-_r__._L.m__h___L;_._O_’_m____r_~_____.__._~___.____._________h___-___._.Llrr_.l_l._fLLl—lrL._Ll_-tLLi_.»:»

AR v

(oo1)
O'H

HO



o Neld T c £ b 5 9 / 2 b

ST TTUS AT L UL T N0 U V0 N U U T VYO0 U0 WO O T 0 YT S U 00T Y00 A W O N 0 A SV T 50 ) O 0 Y 0 T O T T 0 U O A U U A 00 U N W U U B U0 AN U T B0 S A TR 0 BN S

fa

- { s als

90-3N0L3JV

J




5 i 0 e 08 007 0z% 0rT 0 027

48]
:
IR L TN O U U0 AL TN WU AN U TSN U0 U U Y WL U0 A O DOV U ACUNE S U0V U S DU O U NS S AT AV VU AR U0 0 I VU SO0 W S 00 AU S A S U AP0 U8 SR SR U8 O S O

- - S et o nf.Jﬂflslll}ﬁ_ »—ﬂ.—ir.h:.1x r

om
T
\U/ =

0] N
H 90-3NOL3DY



0 Wdd ¥ [ £ 4 S g L 8 6

___________.___I__l__r_________L~F______LF_L_IF___~_____L________.__._______r-_~__._LIF_____-_.»_-P_

‘1 1_v A %
4

(107) 2rewieqres [Azusq [ApHAd-H-N +

(zon)

SN
pZ

HO




0 Wdd 0¢ or 09

08 007 023

____E__._r__.__________~_____n____._!r____.____m________F_._F__Lr

or?

03y 087

___.______r___r__.r____L________—__

ﬂJ1a%zltsst1l11tt1iiLl{&it?i\!iiiilf\isaig}

vty Aot bty

(10T) 9rewreqred [Azuaq [ApHAd-H-N +
(zom)
N
Yz

HO

v

oy

e

w

T T g




0 Hdd | c E 14 § g L 8 6 0%

Liaaaloa st a g rate e oy s ety g qlyvev e doev gty s by sgs gy o lovgabyvraslevsatverebpvevtoeaebev v dgaaabasiatag

o T DFF




0 Wdd 0¢ oy . 09 08 00% 0cy orv 087 087

___________h__________L._____-_.h.___.___~—|-___.__I_‘______._u,l-l_______trng___L[F_~._..~___LLF.____FLP

—— T




0 Wdd 1 [ £ 4 5 9 L

IFL_nr___p___Lr~___~_____.____~__~_r.________r___~____._|____.___________________L__LFL_______h_t_[p_pl_.LthLrlrh_L.L

R

HO




0 Wdd 02 ov 09 08 007 0ct or? 057 087

__I_.._.___l._____h_____________%—________._________F________._n____________h__.____._____h__.___~F____

HO



_o vAd T . I £ 4 G 9 /

. [
SUC T S TR U AL U0 SO TUT TN U VOO T VO YOO OO U0 YO S U0V WA U Y WO I YOO A VUV O S U VAOG 10N U T SN U T O U YA W G A T N W S0 N S A WY D U S O VT SO U Y S S SO WY W N0 6 B B U N

" J - ] ﬁﬁf




0T 0v?

Jotpbeep 1l

0ct 0EY ov? oSt

%htrr PR BRI O NS A SR AN BN O S R A O N A S SR AT




¢ Wedd T C £ 12 5 9 A 8 6

v cd i deaadt e laaa el b o cea bt s Pyt e s b g gty v vyt g et g b galaa g 1oy

i T a

-




0 Add 02 or 09 08 007 0ct ovt 0397 £etT

_l_LFLL\_L-_L.._’____!r.r-_l.r.(_.__.r_..._l_l_.L___.rLlhl_Ir.FLF___.___PLLLL__~__~_.____________PL_~_-_hF__.___~_-.__|___k

d, PUE, -

3 LTI




5 Held T 2 E y g 9 L B 3]

\ L .
davaataaaa ot v bga e bogaa e vaadvs et loep v to e bov e d oy s e da g g g bvs g e g a bygaa s tay




o Had 07 oy 03 08 007 0z} opy 021 rat

tyanr g loasced o n oy ea b I IR T ST N0 UL 70 A T U TN UN U O 0 VU N U0 U S 0 N U S A0 0 T 0V S 0 01 O U Y G D 0 00 SN S0 0 6 0 B SHU000 W0 O 2 0




bdd

H
i

i

[

€

G 3 L B
IR T AT AR A SN I ST AR U W W SR AR SR T AR A SR SR AR A IR A IR I AR I I I O
.

V
taaa ey v Losa v Ly v

7

[
TR U U O O P

I

et bl

(601)

HO



0 Add 0 gt 09 0B 00t ney or? 037 0aT

Joveonleeaa s a e rsdaaaa e eed gy s sty v e e g o g by v gy te s ey gv v o g s by s st asaa it a by val i1y

— > L gl b i : 1 i M i

(60D

HO



0 Wdd ¥ c € 14 5 3 L , 8 B

litiad g s o a e teg v by s dav o g bov o et v e tea v baa e o by ey toaaalrav v bes s Vv g baa s oo aadgg

I 4 a0

J|

(pg) Arewreqied [Azusq [Ausyd-N +

(o11)



H

rq\\c
|
O

_0O

CH;
(110)

+ N-phenyl benzyl carbamate (84)

X

e _,:JJ.T__:J"JTL i st ssoeoea W”u“l - N

lTjTTrl'l]!l[ll11[llll]1!ll|l'll[lllllllll]llllrllll]lllllllll]frllllfll]flllIllTl]Illll1|"]l]ll"'l"|'1

180 160 140 120 100 80 60 40 20 PPM 0




0 Wdd T [ E y S g L 8

*________—_________~_______~L—___..L—ﬂ—_h_,.__.__._L[_.—_,.u___L.___—_.__L_._.__.__~.___~_

I T 4 gjj

(Ip
HO

‘HO




0 Wdd 0¢ 4

08 08 007 0ey

____________.u_______.r__________L__.—___________L

orT

097 087

Logaa bt raa el

___-_____L________.________.__

o

(I

HO

I




	Lea_Kathryn_M_1996.front.p001
	Lea_Kathryn_M_1996.front.p002
	Lea_Kathryn_M_1996.front.p003
	Lea_Kathryn_M_1996.front.p004
	Lea_Kathryn_M_1996.front.p005
	Lea_Kathryn_M_1996.front.p006
	Lea_Kathryn_M_1996.front.p007
	Lea_Kathryn_M_1996.front.p008
	Lea_Kathryn_M_1996.front.p009
	Lea_Kathryn_M_1996.front.p010
	Lea_Kathryn_M_1996.front.p011
	Lea_Kathryn_M_1996.p001
	Lea_Kathryn_M_1996.p002
	Lea_Kathryn_M_1996.p003
	Lea_Kathryn_M_1996.p004
	Lea_Kathryn_M_1996.p005
	Lea_Kathryn_M_1996.p006
	Lea_Kathryn_M_1996.p007
	Lea_Kathryn_M_1996.p008
	Lea_Kathryn_M_1996.p009
	Lea_Kathryn_M_1996.p010
	Lea_Kathryn_M_1996.p011
	Lea_Kathryn_M_1996.p012
	Lea_Kathryn_M_1996.p013
	Lea_Kathryn_M_1996.p014
	Lea_Kathryn_M_1996.p015
	Lea_Kathryn_M_1996.p016
	Lea_Kathryn_M_1996.p017
	Lea_Kathryn_M_1996.p018
	Lea_Kathryn_M_1996.p019
	Lea_Kathryn_M_1996.p020
	Lea_Kathryn_M_1996.p021
	Lea_Kathryn_M_1996.p022
	Lea_Kathryn_M_1996.p023
	Lea_Kathryn_M_1996.p024
	Lea_Kathryn_M_1996.p025
	Lea_Kathryn_M_1996.p026
	Lea_Kathryn_M_1996.p027
	Lea_Kathryn_M_1996.p028
	Lea_Kathryn_M_1996.p029
	Lea_Kathryn_M_1996.p030
	Lea_Kathryn_M_1996.p031
	Lea_Kathryn_M_1996.p032
	Lea_Kathryn_M_1996.p033
	Lea_Kathryn_M_1996.p034
	Lea_Kathryn_M_1996.p035
	Lea_Kathryn_M_1996.p036
	Lea_Kathryn_M_1996.p037
	Lea_Kathryn_M_1996.p038
	Lea_Kathryn_M_1996.p039
	Lea_Kathryn_M_1996.p040
	Lea_Kathryn_M_1996.p041
	Lea_Kathryn_M_1996.p042
	Lea_Kathryn_M_1996.p043
	Lea_Kathryn_M_1996.p044
	Lea_Kathryn_M_1996.p045
	Lea_Kathryn_M_1996.p046
	Lea_Kathryn_M_1996.p047
	Lea_Kathryn_M_1996.p048
	Lea_Kathryn_M_1996.p049
	Lea_Kathryn_M_1996.p050
	Lea_Kathryn_M_1996.p051
	Lea_Kathryn_M_1996.p052
	Lea_Kathryn_M_1996.p053
	Lea_Kathryn_M_1996.p054
	Lea_Kathryn_M_1996.p055
	Lea_Kathryn_M_1996.p056
	Lea_Kathryn_M_1996.p057
	Lea_Kathryn_M_1996.p058
	Lea_Kathryn_M_1996.p059
	Lea_Kathryn_M_1996.p060
	Lea_Kathryn_M_1996.p061
	Lea_Kathryn_M_1996.p062
	Lea_Kathryn_M_1996.p063
	Lea_Kathryn_M_1996.p064
	Lea_Kathryn_M_1996.p065
	Lea_Kathryn_M_1996.p066
	Lea_Kathryn_M_1996.p067
	Lea_Kathryn_M_1996.p068
	Lea_Kathryn_M_1996.p069
	Lea_Kathryn_M_1996.p070
	Lea_Kathryn_M_1996.p071
	Lea_Kathryn_M_1996.p072
	Lea_Kathryn_M_1996.p073
	Lea_Kathryn_M_1996.p074
	Lea_Kathryn_M_1996.p075
	Lea_Kathryn_M_1996.p076
	Lea_Kathryn_M_1996.p077
	Lea_Kathryn_M_1996.p078
	Lea_Kathryn_M_1996.p079
	Lea_Kathryn_M_1996.p080
	Lea_Kathryn_M_1996.p081
	Lea_Kathryn_M_1996.p082
	Lea_Kathryn_M_1996.p083
	Lea_Kathryn_M_1996.p084
	Lea_Kathryn_M_1996.p085
	Lea_Kathryn_M_1996.p086
	Lea_Kathryn_M_1996.p087
	Lea_Kathryn_M_1996.p088
	Lea_Kathryn_M_1996.p089
	Lea_Kathryn_M_1996.p090
	Lea_Kathryn_M_1996.p091
	Lea_Kathryn_M_1996.p092
	Lea_Kathryn_M_1996.p093
	Lea_Kathryn_M_1996.p094
	Lea_Kathryn_M_1996.p095
	Lea_Kathryn_M_1996.p096
	Lea_Kathryn_M_1996.p097
	Lea_Kathryn_M_1996.p098
	Lea_Kathryn_M_1996.p099
	Lea_Kathryn_M_1996.p100
	Lea_Kathryn_M_1996.p101
	Lea_Kathryn_M_1996.p102
	Lea_Kathryn_M_1996.p103
	Lea_Kathryn_M_1996.p104
	Lea_Kathryn_M_1996.p105
	Lea_Kathryn_M_1996.p106
	Lea_Kathryn_M_1996.p107
	Lea_Kathryn_M_1996.p108
	Lea_Kathryn_M_1996.p109
	Lea_Kathryn_M_1996.p110
	Lea_Kathryn_M_1996.p111
	Lea_Kathryn_M_1996.p112
	Lea_Kathryn_M_1996.p113
	Lea_Kathryn_M_1996.p114
	Lea_Kathryn_M_1996.p115
	Lea_Kathryn_M_1996.p116
	Lea_Kathryn_M_1996.p117
	Lea_Kathryn_M_1996.p118
	Lea_Kathryn_M_1996.p119
	Lea_Kathryn_M_1996.p120_Appendice
	Lea_Kathryn_M_1996.p121_Appendice
	Lea_Kathryn_M_1996.p122_Appendice
	Lea_Kathryn_M_1996.p123_Appendice
	Lea_Kathryn_M_1996.p124_Appendice
	Lea_Kathryn_M_1996.p125_Appendice
	Lea_Kathryn_M_1996.p126_Appendice
	Lea_Kathryn_M_1996.p127_Appendice
	Lea_Kathryn_M_1996.p128_Appendice
	Lea_Kathryn_M_1996.p129_Appendice
	Lea_Kathryn_M_1996.p130_Appendice
	Lea_Kathryn_M_1996.p131_Appendice
	Lea_Kathryn_M_1996.p132_Appendice
	Lea_Kathryn_M_1996.p133_Appendice
	Lea_Kathryn_M_1996.p134_Appendice
	Lea_Kathryn_M_1996.p135_Appendice
	Lea_Kathryn_M_1996.p136_Appendice
	Lea_Kathryn_M_1996.p137_Appendice
	Lea_Kathryn_M_1996.p138_Appendice
	Lea_Kathryn_M_1996.p139_Appendice
	Lea_Kathryn_M_1996.p140_Appendice
	Lea_Kathryn_M_1996.p141_Appendice
	Lea_Kathryn_M_1996.p142_Appendice
	Lea_Kathryn_M_1996.p143_Appendice
	Lea_Kathryn_M_1996.p144_Appendice
	Lea_Kathryn_M_1996.p145_Appendice
	Lea_Kathryn_M_1996.p146_Appendice
	Lea_Kathryn_M_1996.p147_Appendice
	Lea_Kathryn_M_1996.p148_Appendice
	Lea_Kathryn_M_1996.p149_Appendice
	Lea_Kathryn_M_1996.p150_Appendice
	Lea_Kathryn_M_1996.p151_Appendice
	Lea_Kathryn_M_1996.p152_Appendice
	Lea_Kathryn_M_1996.p153_Appendice
	Lea_Kathryn_M_1996.p154_Appendice
	Lea_Kathryn_M_1996.p155_Appendice
	Lea_Kathryn_M_1996.p156_Appendice
	Lea_Kathryn_M_1996.p157_Appendice
	Lea_Kathryn_M_1996.p158_Appendice
	Lea_Kathryn_M_1996.p159_Appendice
	Lea_Kathryn_M_1996.p160_Appendice
	Lea_Kathryn_M_1996.p161_Appendice
	Lea_Kathryn_M_1996.p162_Appendice
	Lea_Kathryn_M_1996.p163_Appendice
	Lea_Kathryn_M_1996.p164_Appendice
	Lea_Kathryn_M_1996.p165_Appendice
	Lea_Kathryn_M_1996.p166_Appendice
	Lea_Kathryn_M_1996.p167_Appendice
	Lea_Kathryn_M_1996.p168_Appendice
	Lea_Kathryn_M_1996.p169_Appendice
	Lea_Kathryn_M_1996.p170_Appendice
	Lea_Kathryn_M_1996.p171_Appendice
	Lea_Kathryn_M_1996.p172_Appendice
	Lea_Kathryn_M_1996.p173_Appendice
	Lea_Kathryn_M_1996.p174_Appendice
	Lea_Kathryn_M_1996.p175_Appendice
	Lea_Kathryn_M_1996.p176_Appendice
	Lea_Kathryn_M_1996.p177_Appendice
	Lea_Kathryn_M_1996.p178_Appendice
	Lea_Kathryn_M_1996.p179_Appendice
	Lea_Kathryn_M_1996.p180_Appendice
	Lea_Kathryn_M_1996.p181_Appendice
	Lea_Kathryn_M_1996.p182_Appendice
	Lea_Kathryn_M_1996.p183_Appendice
	Lea_Kathryn_M_1996.p184_Appendice
	Lea_Kathryn_M_1996.p185_Appendice
	Lea_Kathryn_M_1996.p186_Appendice
	Lea_Kathryn_M_1996.p187_Appendice
	Lea_Kathryn_M_1996.p188_Appendice
	Lea_Kathryn_M_1996.p189_Appendice
	Lea_Kathryn_M_1996.p190_Appendice
	Lea_Kathryn_M_1996.p191_Appendice
	Lea_Kathryn_M_1996.p192_Appendice
	Lea_Kathryn_M_1996.p193_Appendice
	Lea_Kathryn_M_1996.p194_Appendice
	Lea_Kathryn_M_1996.p195_Appendice

