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Abstract

A summary of tin hydride mediated reactions in generating radicals in organic synthesis is
presented, together with some of the many alternative methods now available for conducting radical
reactions. Particular attention has been given to the iminyl radical and the development of tin-free
organic radical precursors. This introduction is followed by three chapters describing research on
the development of two new sources of iminyl radicals and their application in syntheses of aza-

heterocyles.

O-Phenyl oxime ethers are the first iminyl radical precursors described in the thesis.
Microwave thermolyses of oxime ethers released iminyl and phenoxyl radicals under comparatively
mild conditions and with short reaction times. Few microwave-assisted synthetic methods, based
around radical intermediates, are known. The mild and neutral conditions associated with radical
chemistry, and the ability of radicals to perform intramolecular cyclisations, together with the
virtues of MAQOS, make their combination a very useful tool in syntheses of aza-heterocycles. A
comprehensive study of intramolecular additions of iminyl radicals onto severa radical acceptors,
alkenes, alkynes, phenyl rings and indoles, is described. Furthermore, a wide range of nitrogen

heterocyles with potential biological activity was prepared making use of this methodology.

Intramolecular iminyl radical cyclisation onto imines via microwave irradiation was another
process extensively studied. Microwave assisted syntheses of dihydroguinazolines and quinazolines
are described. The precursor O-phenyl oxime ethers enable imine formation to be assimilated with
iminyl radical generation before subsequent cyclisation. Clean, fast and high yielding methodol ogy
was therefore developed for the syntheses of these highly interesting heterocycles which form the

basis of many pharmaceutical products.

Dioxime oxalates were the second type of precursor investigated as sources of iminyl
radicals. Homolytic cleavage of their N-O oxime bonds occurred on photolysis releasing two
molecules of CO, and two iminyl radicals in a clean and atom-efficient process. A facile route to
dioxime oxalates with arange of radical acceptors in suitable positions is described.

ESR spectroscopy was used to demonstrate that dioxime oxalates dissociate on photolysisto
give iminyl radicals in the presence of photosensitizer. This technique also confirmed the proposed
mechanisms of radical cyclisation onto double bonds and several 2-azacyclopentylmethyl radicals
were characterized by ESR spectroscopy. In severa instances both the uncyclized iminyl radical,
and the cyclised C-radical, could be ssimultaneously detected, and their concentrations determined.

xiii



ESR spectroscopy was then profitably used to determine 5-exo-cyclization rate constants of iminyl

radicals onto double bonds.

Finally, the syntheses of severa heterocycles from dioxime oxaates are described.
Photolytic dissociation of dioxime oxalates containing alkenyl groups yielded iminyl radicals that
ring closed to 3,4-dihydro-2H-pyrroles in toluene solution. The syntheses of phenanthridines, and
the natural product trisphaeridine, were also accomplished by UV irradiation of dioxime oxalates

containing aromatic rings as the radical acceptor.

Xiv
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General Introduction. Chapter 1

1.0 Radicalsin organic synthesis.

Radical reactions involve homolytic bond-breaking processes in which the two
electrons in a covaent bond are divided symmetrically producing highly reactive
intermediates called “free radicals’ which each contain one unpaired electron. They have an
odd number of electrons and can combine, in order to “pair” the electrons to give stable non

radical products.

Historically, it is accepted that the first radical was identified by Gomberg® in 1900, in
the form of a trivalent compound, triphenylmethyl. However, the beginnings of synthesis by
radical pathways did not appear until 1937 with Hey and Waters’ and the homolytic
phenylation of aromatic substrates.

The use of free radical reactions in organic synthesis has undergone an extraordinary
development in recent years and a number of books®* and reviews>® have been published on
the topic. At the beginning of the 1980s, the place of radical reactions in organic synthesis
was limited to a few important functional group transformations such as the Barton-
McCombie reaction.” However, during the last two decades, radical C-C bond-forming
reactions have grown in importance to the point where they are now routinely considered in
strategy level planning of complex targets.

The high level of interest in radical chemistry in organic synthesis is a consequence of
the mild, neutral reaction conditions, the compatibility of these conditions with various
functional groups, the body of kinetic datathat is available and the level of regio- and stereo-

selectivity that can now be achieved.
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2.0 Tin hydridefor free-radical generation.

Ever since the original discovery of radical generation by organotin hydride®, a spiral
of applications has wound inexorably upward. At present, tributyltin hydride is the most
popular reagent for conducting radical chain reactions. Rates of initiation and propagation
reactions are well known, and many reactions to make carbon-carbon bonds have been
developed using this reagent. Intra- or inter-molecular reactions of alkyl or aryl halide,
selenide or sulphide precursors to form reduced products are possible.

The use of tin hydride is a chain process, requiring only a small quantity of radical
initiator (Scheme 1).

X3SnH
l AIBN or hv

Scheme 1

The tin hydride bond can be broken homolytically by the presence of a cataytic
amount of AIBN producing BusSn™ radical, which has a high affinity for halogens and can
readily abstract chlorine, bromine or iodine atoms from alkyl halides. A site-specific radical
R’is generated from an organic substrate RY by atom or group abstraction. The carbon-
centered radical R can undergo addition to a multiple bond generating a new radical RZ ‘and
intramolecular addition is particularly fast. The radical RZ then reacts with tin hydride to
generate the reduced product RZH and regenerate BuzSn.

The tin hydride method has several virtues. It is extremely mild and selective. The
laboratory simplicity and kinetic understanding of the tin hydride method also make it easy to
use. Most important, the kinetic behaviour of tin hydride is such that, when a radical R'is
generated from a reactive radical precursor in the presence of a low concentration of tin
hydride, it has a reasonably long lifetime within which to react (R—>RZ) before being
trapped (R—RH).
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Barton and McCombie  in the early 1970s made use of this superlative flexibility of
organotin reagents in their radical deoxygenation reaction. The Barton-McCombie reaction
involve the use of a thiocarbonyl derivative of the alcohol such as xanthate and has found
numerous applications because the hydroxyl function is ubiquitous in natural products and in
synthetic intermediates. One example is presented in the novel and stereospecific synthesis of
the marine natural product (+)-A-canellen 3 from p-cresol by Singh®. After rapidly
assembling the desired carbon framework, it was necessary to remove the carbonyl group
from the tricyclic intermediate which was accomplished using Barton’s deoxygenation
(Scheme 2).

1 NaBH, McOH
r.t. 90 %

1 (n-Bu);SnH, AIBN
toluene, heat; 76 %

O
-~ H
2 NaH, CS,, Mel Sé/\SM 2N 2 HCl-acetone/H,0, r.t.
THF, imidazole ¢ 87%
90 % 3 Ph;P=CH, toluene
heat; 72%
1 2 Cal (] 3
Scheme 2

However, during the past decades, radical C-C and C-heteroatom bond-formations
have grown in importance.’®* Free radical reactions have played a dominant and
determining role in the development of polycyclic ring synthesis via tandem radical
cyclisations, particularly when they are carried out in an intramolecular and sequential ring-
forming fashion. For example, Parker et a.'? incorporated a tin hydride-mediated
bicyclisation of an aryl radical in the synthesis of () morphine (Scheme 3). Reaction of aryl
bromide 4 with tributyltin hydride chemoselectively breaks the carbon-bromine bond to
generate the reactive aryl radical 5, which undergoes 5-exo cyclisation onto the trisubstituted
alkene to give a stable cis-fused ring product 6. The resulting cyclic secondary radical then
undergoes a 6-endo cyclisation to form the tetracyclic radical 7. This mode of cyclization
produces a less strained ring system than that obtained from the aternative 5-exo cyclisation,
and also generates a resonance-stabilized benzylic radical. Finaly, rapid fragmentation of
radical 7 occurs to break the weak C-S bond. The fragmentation introduces an akene double

bond 8, which isrequired for the subsequent cyclization reaction.
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Me 5 Me B MeO
= Pz | _
b Al o/ “ U Me /
Br Q N,\I\T/Ie BusSnH KN-\TS 5-ex0 o Q N Me
H Sph 'S AIBN H h H " spp TS
HO' HO HO
4 - 5 6
l 6-endo
N Me N Me | A
® | _
ya -Phs’ / e
‘N'MEH Q | N'Me - N;TS
“Ts “Ts
H H H H SPh
HO fragmentaionH
10 9 8 7
Scheme 3

This radical reaction has accomplished two cyclizations and a fragmentation in one
reaction. The mild reaction conditions are also compatible with the alcohol functional group

and this does not need to be protected before cyclisation.

1314 and the difficulty in handling and

The downside of tin hydrides is their toxicity
removal of tin compounds.®*® For years, this toxicity has kept radical chemistry from being
implemented in the production of medicines and food stuffs. It is, therefore highly desirable

to develop new alternatives, which could replace tin in some, if not all applications.
2.1 Radical cyclizations.

One of the most important reactions in radical chemistry and indeed organic synthesis
is the formation of rings."®*" Most antibiotics and natural products contain at least one ring
and many are bicyclic or tricyclic systems. Free radicals are advantageous in that they quite
readily cyclise onto a range of functional groups including carbon-carbon multiple bonds,
carbonyl groups, imines and aromatic rings. In genera intramolecular addition is much faster
than intermolecular addition. The genera scheme to conduct a selective radical cyclisation is
summarised below (Scheme 4).
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V4 . 7 /
A B radical generation A B cyclisation A—B reduction A—B/

/ </ T U T

initial radical

competitive
radical
reduction

Ho ' —
A BT

/
Scheme 4

Cyclisation to give 5-membered rings is among the fastest, and by far the most widely
used, ring forming process in radical chemistry. Closure of the 5-hexenyl radical, the ssmplest
example, has been studied and often serves as a standard clock against which the rates of
other radical reactions are measured. This rearrangement can in principle lead either to a
cyclopentylmethyl radical by a 5-exo-trig ring closure or to the more stable cyclohexyl
radical through the alternative 6-endo-trig mode (Scheme 5).*** It is the former, with arate
constant of 2 x 10°s* at 25 °C, that predominates by a factor of about 50, indicating that the
process is under kinetic control. 5-Membered rings are therefore less subject to competitive

reduction leading to uncyclised by-products.

O 6-endo-trig kf S-exo-trig Eg

k=4x10>s"! k=2x10°s"
O 7-endo-trig (f 6-exo-trig O/
k=9x10% ¢! k=6x10%s"!
Scheme 5

This regioselectivity is in agreement with Baldwin’s rules® of cyclisation which state
that 5-exo-cyclisation is afavoured process.

One example of 5-exo cyclisation is described in Scheme 6. Stork and Khan®
exploited the ease of 5-membered ring formation to transfer stereochemical information from
an alylic acohol to control the configuration of the adjacent carbon. Protection of the allylic
hydroxyl group as its bromodimethylsilyl ether 11 provides a precursor for an effective
reductive cyclisation. Not only have two new chiral centres been established with total
control, because the fina hydrogen atom transfer from the stannane occurs from the less

6
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hindered exo-face of 12, but the trans hydrindane 13 is also generated in the process (Scheme
6).

O-tBu
) BugSH
Si Benzene
-~ |Ij
Br L _
11 12 13 14

Scheme 6

Recently, tributyltin hydride-mediated radical reactions of organic halides were
successfully carried out in a continuous flow system using a microreactor by Ryu et a.?* The
reactions proceeded within a very short period of time, coupled with quickly decomposing
radical initiators such as V-65 and V-70. The continuous flow reaction was applied to gram
synthesis of the tetrahydrofuran 16, key intermediate for the synthesis of furofuran lignans®
(Scheme 7).

. . 1000 umi.d. x 2.55 m
n-BusSnH (1.2 equiv) 0.5 mL/min

Toluene
400 ym H—— Il ——

V-70 (5 mol %)

Toluene 0.5 mL/min ) ) )

residencetime=1min 16
95° 7.6 2. 74 %
7, B : g: y 1
EtO,C,, Br | | run time: 185 min
1.0 mL/min
< °
¢ 15
0.2 M, toluene
Scheme 7

The 5-exo radical cyclisation of unsaturated a-bromo ester 15 was completed in 1 min
reaction time. To achieve multigram quantities, the microflow system was run for a total of
185 min, which gave 7.6 g of the tetrahydrofuran 16.

6-Membered ring radical cyclisations are less genera than cyclisations leading to 5
membered rings. However, they till have an important place in synthesis. One example
involving 6-exo cyclisation is the formation of amino acid derived heterocycles which can be

used as peptidomimetic scaffolds.?* Amino acids were used to synthesise a range of enamido
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radical precursors 17. The aryl radicals 18 were generated using BusSnH and these cyclised
with a 6-exo selectively to afford the peptide mimics 20 after hydrogen abstraction in good
yields. Only one diastereoisomer was obtained in each case and this was explained by the
radical approaching from the opposite face of the amino acid’s side chain (Scheme 8).

Br 2 "NMe  BusSnH
e TN
O R
17 L
R=Bn R=Bn 80%
R=i-Pr R=i-r 70%
R=Me R=Me 71%

Scheme 8

2.2 Unusual radical cyclisation.

As has been described earlier, radical cyclisation is most often applied to the
formation of five- and six- membered rings. Nevertheless, “odd” type cyclisations have
become a good alternative to ionic reactions in the synthesis of 3-, 4-, 7- and larger
membered rings.?>?

Experimental rate constants relevant to unusua cyclisation of model radicals are
shown in Scheme 9. It is apparent that reverse ring-opening processes are dynamically
opposed to both 3-exo #” and 4-exo ?® cyclisations. Preparation of three- or four- membered
rings can, therefore, only be achieved by the intramolecular addition route, for precursors
containing substituents, or structural factors, which favour cyclisation and/or disfavour ring-
opening. The rate constants of cyclisation rapidly diminish as ring size increases.*®
Furthermore, athough exo cyclisation usualy is faster than endo cyclisation, the difference

gets smaller asring size increases.

k=5x103

1
. k=1x10%"!
— —_— .

Scheme 9
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One example of the 3-exo cyclisation has been recently described by Srikrishna et
al.?°in the successful synthesis of tricyclooctan-4-ones 24. The bromide 21, on treatment with
BusSnH and AIBN furnished the tricyclic compound 24 via 3-exo-trig radical cyclisation.
Because of the presence of aradical-stabilizing group, such as an aryl or arylethynyl group on
the olefin, the equilibrium was shifted to the cyclised form (Scheme 10). The electrophilicity

of the olefin was increased enough for it to act as a very good internal radicophile.

O I 0] 0] 0]
nBuzSnH c¥
Ar Ar —> Ar Ar
Br AIBN '
23

65-95 %
24

21 22
Scheme 10

4-Exo cyclisation has been extensively used in the synthesis of cyclobutanes,
cyclobutanols, cyclobutanones and specially p-lactams. B-Lactams are a family of antibiotics
and appear in many other natural products such as clavulanic acid. 4-Exo-trig cyclisation
routes to the ring system are remarkabl e for their variety and range. One of these pathways, is
the addition of acyl radical onto an imine acceptor. Ryu and co-workers*® made used of their
elegant radical cabonylation process in the synthesis of tin containing p-lactams 29. The
reactions were carried out with the precursor azaenyne 25, BusSnH and the presence of AIBN
as an initiator under 90 atm. of CO at 90 °C. Addition of an organometallic radical gave vinyl
radical 26, which picked up CO to generate acyl radical 27. The latter underwent a 4-exo
cyclisation onto the N atom of the imine and subsequent H abstraction from the BusSnH gave
the p-lactams 29 in excellent yields (Scheme 11).

R R Ox.. R o) M o
~ [ BusmMH _ N|F co - Nlr cH Mv v
AN AIBN Z a = N_ R N R
SnBus SnBus :

28 29

25 26 27

Scheme 11

Radical cyclisations to give 7-membered rings have also been carried out. In a very

recent example, Ishibashi et al ** have described a concise total synthesis of (+)-stemonamide
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using a radical cascade as a key step. The tricyclic skeleton 31 was obtained by a Bus;SnH-
mediated radical cascade of that involves 7-endo-trig cyclisation of akyl radical 33 and a
subsequent 5-endo-trig cyclisation of the resulting a-amidoyl radical 34 (Scheme 12).

(0]
M (0]
;QQ B BuSiH ACN ¢
o N Toluene reflux

30 31 5%

BusSn l T S-endo-trig

0]
;\pa\ 7-endo-trig (é;:\-
N

0
33 34

Scheme 12

Radical cyclisation promoted by BusSnH has been proved to be extremely versatile,
reliable and efficient, in the synthesis of severa carbocycles and heterocycles.

Unfortunately, tin-based chemistry is associated with two critical drawbacks, that is,
the toxicity of organotin compounds and the problems very often encountered in product
purification. The qualitative remova of organotin residues from the reaction products is
usually a difficult task, and this disadvantage, along with the high toxicity of those residues,
can severely limit the application of tin reagents, for example for the synthesis of
pharmaceuticals. It is therefore no surprise that aternative ways of carrying out radica
reactions are under intensive investigation, in a search for both efficient purification protocols
and, above all, tin substitutes.

2.3 New tin reagentswhich aid product isolation.
2.3.1 Catalytic tin hydride Reactions.

Tin hydrides are usually employed in stoichiometric amounts. The products, once
formed by these procedures, must be separated from afull one equivaent of trialkyltin halide.
However, severa processes using catal ytic amounts of organotin species in radical reactions
have been reported to date. The observation that reduction of organotin halides by lithium
aluminium hydride occurs very rapidly** suggested that organotin halides might be used as

10
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hydrogen carriers. However the use of a stoichiometric amount of the reactive aluminium
hydride greatly limits the method. In 1975 Corey*® developed a catalytic process for the
generation of the valuable prostaglandin precursor 36 from the halolactone 35 using the
milder sodium borohydride (Scheme 13).

0O

NaBH,, EtOH

R3SnX (0.1-0.3 equ.)

CH,OR CHOR

>
Q
(o)}

35 Scheme 13 36

A further improvement to the catalytic procedure was established by Stork® who
used sodium cyanoborohydride as the stoichiometric reducing agent in t-butanol. In the late
nineties, Fu et al.*** introduced the development of BusSnH-catal yzed reactions by using the
commercialy available phenylsilane (PhSiH3) or polymethylhydrosiloxane (PMHS) to
generate the tin hydride. Reductive cyclisations of enas and enols or reduction of azides to
amines were performed with catalytic (BusSn),O (Scheme 14). However, since PhSiH3 and
PMHS do not reduce tin halides, these methods are limited to the recycling of tin alkoxides
and tin amides.

(BusSn),0 (5%), AIBN

Ph
(@] HO
If Ph PhSiHs (0.5 equiv.) tg

EtOH, benzene,
37 38

85%

(BusSn),0 (5%), AIBN
PMHS (3 equiv.)

n-Dec _~
Na n-PrOH, benzene,

39 40

Scheme 14

2.3.2 Modified tin hydrides.
In order to avoid contamination of the products by tin-products as well as to ssmplify
separation procedures, some authors have investigated several polymer-supported organotin

hydrides. Neumann and co-workers® reported the use of polymer 42 to reduce bromides,

11
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thiocarbonates and isonitriles. Apart from the simpler work up, the by-products can be

separated by simplefiltration, the polymer reagent can be regenerated for multiple uses.

JT%u
Slll—H
Q)7 W
Y AIBN, C4Hg, 60°C, 4h O
41 43
84 %
Scheme 15

Modified tin hydrides for which the corresponding tin halides are readily separated
from the organic reaction products, have been designed. The akyl groups in these
compounds are replaced by special phase makers.

The pyridylstannane® 44 is readily soluble in polar organic solvents, the tin-halogen
by-products have very low R; values in ethyl acetate:hexane (1:3), which alows the desired
product to be efficiently isolated by chromatography. These reagents can be used to form
products in comparable yields to those obtained using the standard tin hydride method.

Curran® introduced fluorous tin hydrides such as tris[2-(perfluorohexyl)ethyl]tin
hydride reagent 45 as a versatile reducing agent with the advance of an easy separation of the
tin by-products from the reduced compound by liquid extraction. The reaction is carried out
in trifluoromethylbenzene, which is evaporated off upon completion and replaced with a
mixture of dichloromethane and perfluoromethylcyclohexane. The fluorous tin by-products
remain in the fluorocarbon layer, while the desired organic product passes into the

dichloromethane where it can be isolated from any tin contamination (Figure 1).

B Ph (CeF13CH,CH,)3SnH

44 45
Figurel

Charette et al* have described the use of the phosphonium-supported tin reagent as
an effective solubility control group for tin reagents involved in radical—mediated processes
such as dehalogenations and cyclisation reactions. The phosphonium reagents are typically

very soluble in chlorinated solvents, and they can be precipitated out of solution by ether,

12
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hexane or toluene addition. The tin by-products can be removed by a simple phase separation
and recycled if needed. The reduction of halides using tin chloride 46 proceeded very well
under Stork’s** conditions. Several aryl and alkyl bromides were converted to the reduced
product in high yields. After standard work up, the crude product was dissolved in DCM and
the tin residues were precipitated upon hexane addition. Filtration of the mixture and
concentration of the solution led to tin-free product.

Breslow™ developed a new water-soluble tri(methoxyethoxypropyl)tin hydride 47 to
perform tin radical chemistry in water. The trialkyl species are easily recovered. Acidifying
the water to pH < 2 with HCI regenerates the trialkyl chloride, which is extracted into CHCl3,
distilled, and reduced with BH3 in THF, regenerating the tri(methoxyethoxypropyl)tin
hydride.

Collum and co-workers® have described an improved water-soluble tin reagent 48
which can be reduced in situ with NaBH,4 to a tin hydride that can be used in radica
dehalogenation reactions. This novel compound has provided consistently high yields,
comparable to those of conventional Buz;SnH/AIBN method.

CO,K
SnBu,Cl o I
4 Y™
OO~ T -
CO,K
ClO4~
46 47 43

Figure 2

Regretfully al these modified compounds must be synthesised in the lab prior to use
and this prevents them from becoming popular replacements. Furthermore, the problems of
tin toxicity and tin garbage remain a constant menace. Hence, alternatives ways of carrying

out radical processes are of great interest.

3.0 Alternativesto tin hydride.

3.1 Oganosilicon-, ger manium-hydrides.

Silicon and germanium are in the same periodic column as tin, and the radica
chemistry associated with these elements is in many ways similar. The increased strength of
the bonding to hydrogen and carbon translates into slower kinetics and less efficient chain

processes as compared with organotin derivatives (Figure 3).
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nBu3;GeH nBu;SnH
10° :' 10° i 107 108
| ! | ’ | |
F Lo SN TN
(Me;Si),Si(H)Me (Me;Si);SiH  (Me3Si);SiH/RSH (Me3Si);SiH/ArSH
ky/M st

Figure 3. Rate constants for H-atom abstraction from a variety of reducting systems
by primary alkyl radicals at 80°C.

According to the kinetic studies carried out by Chatgilialoglu and Newcomb™® H —
atom abstraction from tri-n-butylgermane by a given carbon-centred radical is 10-20 times
slower than from tri-n-butyltin hydride, and from triethylsilane and other ssmple silanes it
becomes too slow to be useful. Modified triethylsilanes, and more concretely, TTMSS* are
the best alternative to the tin hydrides. Organogermanium compounds and TTMSS are more
expensive than triorganotin hydrides but this is compensated by a lesser toxicity and a greater

ease of purification of the reaction mixture.

3.1.1 Radical reactions with germanium.

Tributylgermanium hydride derives its principal benefit from the low reactivity of its
metal-hydrogen bond. This reagent does become interesting when a desired radica
transformation cannot be accomplished efficiently using organotin procedure. For instance, in
the construction of y- and d-lactams by 5- and 6-exo type cyclisations, starting from
bromoacetamides 49 by Stork and Mah*® (Scheme 16).

F3ch F3C\|¢O

F3C\|¢O

N.__O
AIBN + CH,
Br ’
49

Benzene, reflux

50 51
Bu;SnH 65 % 24 %
Ph;GeH 8%
Scheme 16

The cyclisation step is compounded by the existence of two rotamers, only one of

which can cyclise, and the rate of rotation around the amide bond is slower than hydrogen
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abstraction from the stannane.*® Substitution of tributyltin hydride by the slower reducing
triphenylgermane, affords the cyclised product 50 in much better yields and none of the
reduced product 51.

The most potent Ge-based H-donor towards C-radicals to date is (TMS)sGeH,*” which
reduces primary C-radicals about three times faster than BuzSnH. (TMS)3GeH has been used
in radical dehaogenation, in Barton-McCombie reductions, in deaminations via isonitriles
and in deselenatons.®®

Oshima™ reported tri-2-furylgermane 53 as a potent tin hydride substitute for radical
dehalogenations, deoxygenations and cyclisations. The reactions are generally conducted in
THF using Et3B/O; as radical initiator. However, it can be used in environmentally friendly
agueous solution in the presence of V-70 [2,2 -azobis(4-methoxy-2,4-dimethylval eronitrile)].
A suspension of o-iodophenol 52, tri-2-furylgermane 53 and initiator in water was stirred at
80°C for 4.5 h, affording the desired cyclised product 54 (Scheme 17).

0
< | Y/ 3GeH
=y QT GHC s
0 > 0
52 54

V-70, H,0., 80°C

75 %
Scheme 17

However, athough these reagents have some advantages, they are not an ideal
aternative to organotin hydride, not least due to the cost, and are therefore not used very

often in preparative radical chemistry.

3.1.2 Radical reactionswith silicon.

Triakylsilanes R3SIH represent a viable alternative to trialkyltin hydrides. Silicon-
centred radicals are extremely efficient in abstracting halogens from akyl halides, in order to
generate the alkyl radicals. However, H-abstraction from ssimple trialkylsilanes by C-radicals
is too slow to participate in radical chain reactions at ordinary temperature because the
silicon-hydrogen bond is usually too strong for efficient H-abstraction. Moreover akyl
radicals are nucleophilic species and the hydrogen atom in triethylsilane is al'so electron rich.
Therefore, the abstraction of hydrogen from ethylsilane by an akyl radica to give the
reduced product is disfavoured and this disrupts the chain process.
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In the late eighties Chatgilialoglu introduced a modified organosilicon hydride, which
constitutes the most successful tin hydride substitute to date, tris(trimethylsilyl)silane
(TTMSS).** [(TMS);SiH] is commercialy available and can satisfactorily replace tin
hydrides in the more common radica reactions because of its greater hydrogen donating
ability compared to trialkylsilanes. This is due to stabilisation of the resulting silyl radical
achieved by back-bonding into the adjacent, vacant, d-orbital on each of the silicon atoms.
TTMSS is an effective reducing agent for the remova of a variety of functional groups
Examples of dehalogenation and reductive removal of chalcogen groups are shown in Figure
4, for bromide 55,°*° chloride 56,> and selenide 57°* by reaction with (MesSi)sSiH in the

presence of AIBN as aninitiator.

0. ,Uracil 0. Uracil S 0 g
R O/\q N BzO/\(_?'/""— OBy NC 5_7//\ T
RO Br BzO Tl HO  ‘SePh PhOC(S)O

R, R=TIPDS

55 56 57 58
Figure 4

The use of TTMSS in the deoxygenation of secondary acohols, after conversion to
thiocarbonyl derivatives (e.g. phenylthiocarbonate 58), has important applications in
nucleoside chemistry, where it can be very useful in going from the ribose to the 2-
deoxyribose series, a common step in medicina chemistry. The need for non-toxic reagents
to achieve this step is evident since the compounds have to be tested for biological assays.

A variety of acyl derivatives, such as acyl chlorides>® phenylseleno esters,™ or N-
hydroxypiridine-2-thione esters®” can be used for decarbonylation and reductive
decarboxylation. One example is the decarboxylation of the chiral cis-cyclopropane 59.
Another feature of the radical reactivity of (Me3Si)sSiH is the diastereoselective outcome.
The H abstraction from the sterically demanding TTMSS preferably occurs from the less
hindered side of the intermediate cyclopropyl radical, thus affording a very high cis-
selectivity 60 (Scheme 18).

0SiPhyBu OSiPh,/Bu
o (Me3sl)3SlH -
- o
Ph 04 EtsB, THF, RT Ph
O.
N | 74 %, cis/trans 10:1
N
59 60
Scheme 18
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Moreover, since the Si-H bond is approximately 5 kcal/mol stronger than the Sn-H
bond of tributyltin hydride, the less reactive (TM S)3SiH often allows radical reactions using a
stoichiometric amount of the silane in the initial reaction mixture to be performed, preventing
in some cases, premature reduction of intermediate radicals by tributyltin hydride.® The
reactions are generaly conducted, by analogy with tin hydride mediated reactions, using
AIBN asinitiator in benzene or toluene.

Murphy® and co-workers made use of the TTMSS properties in the formal total
synthesis of the important anti-cancer agent (x)-vindoline 63 (Scheme 19). Intramolecular
tandem radical cyclisation was achieved from iodoaryl azide 61 by reaction with TTMSS in
the presence of AIBN. Aryl radical 64 cyclised in a 5-exo fashion generating a new C-centred
radical 65 which attacked the azide group, assembling the tetracycle 62 in 65 % yield.

/@E (Me3Si)sSiH —
TABN

SOzMe OB SOZMe
61 62
Nz
sone OB O :
sone
64 65
Scheme 19

Free radical carbonylation has gained distinction as a promising method for
introduction of carbonyl groups into molecules. Extensive research has been carried out in
this area using organotin compounds as radical mediators.®® However, these processes must
be carried out under high pressures in order to encourage the akyl radica to react with
carbon monoxide instead of abstracting hydrogen from the tin hydride. Due to the stronger
Si-H bond in TTMSS compared to tin hydride, direct reduction is less of a problem and this
alows the pressure of CO to be reduced. Ryu and co-workers®™ reported the formal synthesis
of (R)-(-)-coniine 68 based on the free-radical-mediated carbonylation and 6-endo cyclisation
of the resultant acyl radical onto the oxazoline nitrogen (Scheme 20). Thus, treatment of

oxazoline 66 with carbon monoxide in the presence of TTMSS and AIBN provided bicyclic
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lactam 67 in 65 % yield. Interestingly the 6-endo cyclisation onto nitrogen is preferred over
5-exo cyclisation which may be ascribed to the “polarity-matched” combination of an acyl
radical and an imine N-C bond.

Ph - Qph H H
; TMS);SiH , H
G A
PhSev\/‘\O CeHe, 90°C, 10h S
CO, 71 am. H
66 65 % 67 68
l T 6-endo
o 5
e O
o o
69 70
Scheme 20

The use of water as solvent is not only because it is cheap, safe, and environmentally
friendly but also because of increased reaction rate and selectivity.®* Recently, Chatgilialoglu
et a.®® have reported the successful use of (MesSi)sSiH in a variety of radical-based
transformations in water. Two different methods were described, depending on the
hydrophilic or hydrophobic character of substrates. For water-insoluble compounds, a
heterogeneous mixture of the substrate, TTMSS and 1,1 -azobis(cyclohexane-carbonitrile)
(ACCN) in water was heated at 100 °C for 4 hours. Dehalogenation and deoxygenation of
alcohols, Barton-McCombie reaction, worked as efficiently as previously reported in organic
solvents. Furthermore, the reaction conditions were also applied for a radical cyclisation; 1-
allyloxy-2-iodobenzene 71 affording the cyclised compound 72 in 85 % yield (Scheme 21).

Me
©il f (TMS);SiH ©j§
_
ACCN (0]

0
4h, 100 °C
71 72

Scheme 21

On the other hand, when the mentioned conditions were used for the reduction of
water-soluble compounds, no reaction was observed. The problem was solved using the
amphiphilic 2-mercaptoethanol (HOCH,CH,SH) in combination with TTMSS. The reduction
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of hydrophilic substrates in water has the advantage of an easy separation of the silane by-
products. One example reported by Chatgilialoglu, was the reduction of water soluble azides

73 to primary amines 74 in excellent yields (Scheme 22).

NH
NH, (TMS);SiH (1.2 equ) 2
XN HOCH,CH,SH (0.3 NN
IDRET 2RO e l)\/[ S—NH,
s s
N~ N ACCN (0.3 equ) N N\
\ribose 95 % ribose
73 74

Scheme 22

Although tris(trimethylsilyl)silane shows great versatility and can be used to mediate
a number of useful reactions, its use entails some disadvantages. For example the silyl
radicals generated from this reagent are very efficient at hydrosilylating double and triple
bonds, leading to reduced yields by forming unwanted side products.** Other disadvantages
are that TTMSS is easily oxidized by air and it is rather expensive. Nevertheless, it
constitutes the best alternative to tin hydrides nowadays.

Other organosilanes have been extensively studied as tin hydride substitutes.®
1,1,2,2-Tetraphenyldisilane deserves special mention. Introduced by Togo and co-workers,*®
it isan air-stable crystalline solid, made by treating chlorodephenylsilane with magnesium. It
tolerates mildly acidic substances such as pyridinium sats and reactions can be run in
refluxing acohols. When adamantyl iodide 76, Ph;Si,H,, AIBN and lepidinium
trifluoroacetate 77, were refluxed in ethanol the corresponding alkylated heteroaromatic base
78 was obtained in excellent yield. In the same way, Giese-type addition to a carbon-carbon
double-bond was carried out giving the corresponding reductive addition product 75 (Scheme
23).

Me
| AN
@
SO,Ph N o
SO,Ph =/ CF,CO; 77
< . - Me
Ph,SiH-SiHPh, I Ph,SiH-SiHPh, I
Nz
88 % EtOH, reflux EtOH, reflux 93 %
AIBN AIBN
73 76 78

Scheme 23
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3.2 Polarity reversal catalyss.

Polarity reversal catalysis (PRC) by thiols has successfully been applied in reductive
radical chain reactions using stoichiometric amounts of triakylsilane by Roberts and co-
workers ®” and further developed by Bowman.® In addition to the inherent strength of the Si-
H bond, the difficulty in abstraction of the electron-rich hydrogen is compounded by the fact
that alkyl radicals are themselves generally nucleophilic in character. The polarity mismatch
that also obtains with stannanes is compensated by the weakness of the Sn-H bond. The S-H
bond in aliphatic thiols is as strong as the Si-H bond in triethylsilane but has the reverse
polarity. The rate of hydrogen atom transfer from a thiol to a nucleophilic akyl radical
becomes comparable to that from tributylstannane. In the chain, the C-radical R*"is readily
reduced by the thiol catalyst to provide the corresponding reduced product R'H, along with
the thiyl radical R®S. The thiyl radical is then reduced with a triakylsilane (R%)sSiH to
generate the thiol catalyst R?SH along with the silyl radical (R®sSi,” which is able to
propagate the chain reaction (Scheme 24).

(R3)3SX - RPSH

o] )

R3)3S|

RZSH (R3),SiH
Scheme 24

Spagnolo et a. investigated the radical aryl azide reduction using Et;SiH® and
BusGeH.™ To circumvent the poor hydrogen-donating properties of these compounds, the
procedures were carried out following “polarity reversal catalysis’. It was proved that
electron-rich and electron-poor aryl azides 80 in refluxing toluene remained unaffected upon
treatment with EtsSIH or BusGeH in the presence of a radical initiator such as AIBN or
ACCN. This fact was due to inhibition of the chain reaction caused by the inefficiency of the
nucleophilic silane and germane towards the derived N-silyl and N-germylaminyl radicals,
which are predicted to have nucleophilic properties as well. They extended the (PRC)
technique to the silane using tert-dodecanethiol as a catalyst in the presence of ACCN and
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catal ytic amounts of benzenethiol with germanes, affording aryl amines 79 in excellent yields
(Scheme 25).

N3 NH,

Et3SlH | N BU3GCH | AN
tert- C12H25SH // PhSH //
R R

ACCN

80 79

Scheme 25
3.3 Phosphor us reagents.

Recent developments in radical reactions involving phosphorous reagents have
attracted the attention of several research groups.” The use of hypophosphorous acid and its
sdlts in reductive radical chain was first studied by Barton and Jaszberenyi.”? Phosphorous
acid and its salts contain weak P-H bonds which can be readily abstracted by radical initiators
to produce phosphorus-centred radicals. These were initially used in reductive radical chain
reactions such as deamination via isonitriles, deoxygenation via xanthates or thiocarbonates
and dehal ogenations (Scheme 26).

X H

H;PO,, NEt;
@ AIBN, dioxane, A @
100% X=1I

95% X=Br
100 % X =0-C=S(SMe))
97% X=NC

Scheme 26

The best salt proved to be the N-ethylpiperidinium salt (EPHP). Murphy and Stoodley
simultaneously reported that EPHP could mediate formation of carbon-carbon bonds. This
was demonstrated by a 6-exo-trig cyclisation in the synthesis of the carbazole 82 from aryl
iodide 81 by Murphy,” and, through a 5-exo-dig cyclisation of the alkyl a-keto radical
obtained from 83, by Stoodley,” which afforded the carbohydrate 84 in quantitative yield

(Scheme 27).
Muiphy Stoodley
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Scheme 27
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Kita et al " reported the use of EPHP as a water-soluble chain carrier in the C-C bond
forming radical reaction of hydrophobic substrates in water in an efficient radical process. It
was based in the use of a water-soluble radical initiator VA-061, the chain carrier EPHP, and
surfactant cetyltrimethylammonium bromide CTAB. This surfactant is essentia to solubilise
the hydrophobic substrate in water.

76,77

Murphy, introduced a water-soluble phosphine oxide which permits higher
isolated yields than the corresponding reaction using EPHP, with no additional additive.
Upon using diethylphosphine oxide (DEPO), they carried out an efficient synthesis of
indolones in water (Scheme 28). Treatment of aryl iodide 85 with DEPO in the presence of a
water soluble radical initiator V-501, givesthe aryl radical 86 which undergoes 1,5- hydrogen
shift. Subsequent homolytic aromatic substitution of 87 onto the phenyl ring yields indolone

88in excellent yield.

I Me ELP(O)H Me Me Me
N O  v-501 N._O  1,5-H shift N._O N
it o
5 o @ C[ &
H H
97 %
85 86 87 88

Scheme 28

Because DEPO is more lipophilic than hypophosphorous acid yet is still water
soluble, it can facilitate the interaction between the water-soluble mediator and initiator and
the lipophilic substrates without requiring a phase-transfer agent. Moreover, its pK, is 6, thus
ensuring that this almost neutral excess reagent can be extracted into base during workup.

Probably, one of the most impressive synthetic achievements of the P-based radical
mediators is the deoxygenation of an erythromycin B derivative 89 toward the industrial
synthesis of ABT-229 90, a potent motilin receptor agonist. Clean deoxygenation was
accomplished on a 15 kg scale by using NaH,PO, in an agqueous alcohol and phase transfer
agent (Scheme 29)."

Scheme 29
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Addition of a phosphorus-centred radical onto an unsaturated carbon-carbon bond is
one of the most common reactions for the preparation of organophosphorus compounds.
Phosphonyl radicals have subsequently been involved in tandem and cascade process.
Parsons et a.” have investigated extensively the formation of carbocycles by reaction of 1,6-
dienes with ethyl phosphites and AIBN. They were able to prepare the corresponding cyclic
organophosphorus derivatives in good yields. More recently Renaud® introduced a new
tandem process based on the addition of phosphonyl radicas onto akyne, radical
translocation and final cyclisation onto the vinylphosphonate affording the synthesis of

various cyclopentanes (Scheme 30).

Meo 1 meo 2M® Q
P=0 P=0 Meo—P
H _ MeO
| (MeO),P(O)H Nk 15H-shift Y -
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MeO,C COMe cyclohexadiene|  MeO,C COMe MeO,C COMe MeOL co,me
Scheme 30

The efficiency of the radical processes, the low cost of the phosphorus reagents, their
ease of separation from reaction products and their environmentally friendly character gives a

strong and renewed relevance to the devel opment of radical reactions involving phosphorus.

3.4 Theradical-polar crossover reaction.
The use of neutral ground-state organic molecules as powerful reducing agents is a
novel and attractive idea, which has been extensively investigated by Murphy and co-

workers.®" A representative of this class of neutral molecules is tetrathiafulvalene (TTF) 91.

s S
(5=
91
Traditionaly, aryldiazonium salts were used in conjunction with copper (1) in order to
generate aryl radicals. However, the organic TTF can be used to replace copper in this
procedure as the initial electron donor. Tetrathiafulvalene will readily donate an electron to
the aryldiazonium tetrafluoroborate 92 in order to expel nitrogen and form the aryl radical 93.
5-Exo cyclisation of this intermediate gives the alkyl radical which is ultimately trapped by
the TTF radical cation in order to furnish the crystalline product 95 (Scheme 31).%% In the
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presence of moist acetone, the TTF salt was converted into the corresponding alcohol. Methyl
ether was formed when using methanol as the solvent, and it was aso possible to use

acetonitrile as the solvent to furnish amides®.
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Scheme 31

As TTF is regenerated at the end of a reaction sequence via Syl attack of a
nucleophile, it is possible to use the radical initiator in catalytic anounts. However, research
has shown that the catalytic properties of TTF are poor under mild conditions as the turnover
number remains very low. This is due to attack on the intermediate radical-cation and the
intermediate sulfonium salt 95.

An interesting application of the radical-polar crossover reaction to the synthesis of
aspidosperma alkaloids is depicted in Scheme 32 and relies on solvolysis of the intermediate

TTF salt to give the secondary alcohol with overall retention of configuration.®

()- Aspidosper midine
Scheme 32

Tetrathiafulvalene’ s success as aradical initiator can be credited to its ability to act as
an effective electron donor and its sufficiently lethargic rate of radical trapping. This alows
the aryl radical to cyclise before the adduct radical is trapped.

There have been attempts to generate both water-soluble TTF analogues 97 and
polymer supported TTF 98. The water-soluble reagent is easily prepared from TTF and can
be reacted with water soluble diazonium chlorides. The organic product is simple to extract,
making this an attractive procedure for industria use.® Polymer-supported TTF makes
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purification even simpler, filtration extracts the polymer-bound TTF, which can be

regenerated using sodium borohydride with aminimal drop in reactivity® (Figure 5).

S, S S¢S
O=CT 1™ D ]”‘“@b
s s S S
97 98
Figure 5

The maor limitation of using TTF as a radical initiator is the requirement for
arenediazonium salts as starting materials. Attempts to extend this reaction to the much more
common aryl halides or to akyl halides have been carried out, the “dimer” 99 being one of

the most successful reagents (Scheme 33).

NAN e *NK\N
CENHND @[NHNJQ
Me Me Me Me

99
Scheme 33 100

Compound 99 is a more powerful reducing agent than TTF. The driving force for
electron donation derives from the considerable aromatization energy® residing in the
corresponding radical cation 100, and the presence of nitrogen, which is helpful to the
creation of a good electron donor.® Thus, electron loss from 99 would initially afford radical
cation 100, which features the double stabilization.

To prove the efficiency of this super electron donor, severa aryl iodides were treated
with 99. For instance, initial electron transfer from 99 to aryl iodide 101, would afford the
radical anion 102. Dissociation of 102 would then give the aryl radical which undergoes 5-
exo cyclisation onto the double bond yielding indoline 105 in excellent yield (Scheme 34).%°
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101 102 103 104 105

Scheme 34
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The use of neutral ground state organic molecules as powerful reducing agents, has
proved to be an excellent method in the generation of aryl radicals and its application in
radical cyclisation. The very mild and neutral reaction conditions, the absence of metals, their
selectivity, tolerance of other functional groups, tunability, ease of attachment to solid
supports and ease of regeneration, make these reducing agents very attractive for use in

synthetic chemistry.®

3.5 Xanthates and related derivativesasradical precursors.
3.5.1 The Barton-M cCombie deoxygenation

Xanthates and related thiocarbonyl derivatives made their entry into synthetic radical
chemistry in the early 1970s. Barton and McCombie introduced a radical deoxygenation
using organotin hydride and thiocarbonyl compounds.” The Barton-McCombie reaction
represents a major milestone in the application of radical processes to synthetic problems. It
has been widely used in organic synthesis, especially for the modification of carbohydrates,
and as a convenient source of radicals from acohols in genera. The method requires the
conversion of an alcohol into a xanthate 106 which is readily attacked by tributyltin hydride
in the presence of a radical initiator AIBN to give the carbon-centred radical adduct 107
undergoing a preferential B-scission of the carbon-oxygen bond to form akyl radica R and
the carbonyl co-product 108 (Scheme 35).%

S,SHBU3
1
S (I)).\S/R S,SnBu3
1
ROH — > o)ks'R R O}\S,Rl
R 107
106 BU3SH ° R- 108
BusSnH
Scheme 35

The Barton-McCombie reaction allows spectacular deoxygenations, especially in
complex carbohydrates. Moreover the use of cheap reagents is another advantage of this
procedure; however, the reappearance of organotin hydrides in the reaction mechanism

prevents this method being used outside laboratories.
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3.5.2 Degenerative transfer of xanthates.

Zard and co-workers have made a very intensive study of the homolytic chemistry of
a variety of xanthates.*% O-Ethyldithiocarbonates, for example, promote tin-free radical
chain addition very efficiently. *** No heavy or toxic metals are involved in such a process
and the dtarting materials are cheap and readily avalable. For instance, O-
ethyldithiocarbonate 109 can be made by nucleophilic displacement of an akyl halide with
potassium O-ethyl xanthate (Scheme 36).

P RX 0
KH -
EtOH Et L
109
Scheme 36

On chemical or photochemical initiation, O-ethyldithiocarbonate 109 cannot undergo
B-scission on the carbon-oxygen bond since it would produce an ethyl radical, which is
thermodynamically unstable; aradical R isthus generated. R" reacts with an alkene placed in
the medium, leading to an adduct radical 110, which in turn reacts with the starting xanthate
109 to generate, after two reversible steps, R™ and the new xanthate 111. The released radical
can then add to the akene before continuing the chain by addition to more xanthate 109
(Scheme 37). The chain reaction is initiated mainly, using a catalytic amount of peroxide, to
give the xanthate 111 as the major product which can be employed as a starting point for
another radical sequence, or modified further. The xanthate functionality can aso be removed
by reduction with dilauroyl peroxide in propan-2-ol or treatment with DBU in order to
furnish the required addition product. The array of functionality that can be obtained by using

the xanthate procedure is quite amazing and has many interesting applications.
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The most important synthetic asset of the xanthate transfer methodology lies in the
ability to induce carbon-carbon bond formation by intermolecular addition to unactivated
olefins. This is possible because the initial radical has a comparatively long lifetime in the
medium. For instance, xanthate 112 can add efficiently to a large assortment of olefins
(Scheme 38).%

NHCOCH
3 F.C NHCOCH, FoC NHCOCH,
_~_-PO(OEY),

SCSOEt
SCSOE — SCSOH

DLP, DCE, ref lux DLP, DCE, reflux
PO(OEty)

112
68 % 86 %
ol F.C._NHCOCH
F:C. _NHCOCH, =_ 3 3

o SCSOEt SCSOEt

CN

83 % 87 %
Scheme 38

Alternatively, one can start with a given olefin 113, and consider the great diversity of
xanthates that can be added to it (Scheme 39).%%

Me;Si SCSOEt Me;Si
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t Oy N 3
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/ \ SiMe;
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OMe SCSOEt v
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Scheme 39 77 %

If intermolecular addition onto double un-reactive olefins is feasible, the construction
of rings by intramolecular addition should be readily achieved. One example can be found in
the cascade sequence depicted in Scheme 40. Zard and co-workers'™ made use of an
intermolecular addition, which causes the scission of the cyclobutane ring and places an
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olefinic bond in a position allowing it to capture the radical produced from the second

xanthate in an intramol ecular mode.

X
OEt S” "OEt
/I//\/ lauryl peroxide 0
EEE—
OEt DCE, reflux ;i
Y /:<SCSOEt
AT~

SCSOEt 82%

| \SCSOEt

Scheme 40

Xanthates and analogues are good precursors not only to carbon-centred radicals.
Xanthate precursors to acyl, akoxycarbonyl and nitrogen centred radicals have been reported

and found numerous applications in synthesis.'*

3.5.3 Barton’sthiohydroxamic esters.

Reductive decarboxylation of carboxylic acids can be performed efficiently by use of
thiohydroxamic acid esters 114, which have been shown to be facile sources of carbon
centred radicals under mild conditions.'® Treatment of O-esters of thiohydroxamic acids with
tributyltin hydride in presence of AIBN, or photochemically, results in the formation of
delocalised radical 115. Radical 115 fragments to give the pyridylstannane 116 as a by-
product and alkoxycarbonyl radical 117 which extrudes carbon dioxide generating carbon-
centred radica R.  This radical abstracts hydrogen from tin hydride to give the reduction
product RH and the chain-carrying tin radical (Scheme 41).
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The success of this methodology is due to the well known affinity of tin for sulphur,
as well as for the passage from thiocarbonyl to carbonyl, the weakness of the N-O bond,
aromatisation of the pyridine nucleus as a favourable thermodynamic driving force, and gain
of entropy upon fragmentation in creating three products from two reactants.

Thiohydroxamic esters 114 are readily obtained from the reaction of a dlight excess of
commercialy available 2-sulfanylpyridine N-oxide 118 and carboxylic acids which are
activated by oxalyl chloride in the presence of a catalytic amount of DMAP (Scheme 42).
The esters formed are not usually isolated but reacted in situ with tri-n-butyl stannane in order
to obtain the reduced hydrocarbon.

E\l . Roop (00 @
N"s DMAP NS

|
OX OCOR
X =H or Na

118

Scheme 42

The disadvantage of this method is the use of organotin hydrides to generate alkyl
radicals, therefore alternative reagents have been used in order to initiate the chain reaction.
For example the use of the poorly nucleophilic t-butylmercaptan was found to be a valuable
aternative for the decarboxylative reduction of carboxylic acids. The success of this initiator
is due to the affinity of the thione functionality for sulphur centred radicas. The
decomposition of thiohydroxamic esters 114 serves as initiator for the reaction which
proceeds via aradical chain mechanism.

CO,H

1 (COCI),/DMAP
114

—_—

2 tBuSH, PhMe

Scheme 43
Another, very useful modification of the Barton decarboxylation consists in
performing the reaction in the presence of carbon tetrachloride or bromotrichloromethane, as
solvent or co-solvent. This leads cleanly to the formation of the corresponding chloride or
bromide. Decarboxylative iodinations can be achieved using iodoform or ethyl iodoacetate as

the iodine transfer agent (Scheme 44).1%
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Scheme 44

Interception, by an internal or externa olefin, of the carbon radica formed upon
decarboxylation represents a mild yet powerful means of creating new C-C bonds. Samadi et
a'® reported an efficient double Barton radical decarboxylation in the one step total
synthesis of tyromycin A. The bis-thiohydroxamic ester was irradiated in the presence of
citraconic anhydride, and the resulting product was stirred for two days to ensure complete

elimination affording the desired product in good yield (Scheme 45).
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Scheme 45

3.6 Functionalized Cyclohexa-2,5-dienesin Radical Chain Reactions.

The main attributes for a clean radical precursor include independence from use of
toxic metals, afford single radicals under mild conditions and should not produce toxic or
smelly by-products. A potential method of avoiding tin dependence consists of arranging
hydrogen abstraction from a suitable reagent containing activated C-H bonds, as the first step
of chain propagation, rather than halogen transfer as with tin reagents. Carbon-centered
radicals are unselective in H-abstraction propagation steps. However several series of “pro-
aromatic” appropriately substituted cyclohexadienes and related compounds deliver the
required selectivity by means of bisalylic activation of hydrogen, simultaneously taking
advantage of the re-aromatisation as the driving force for extrusion of some desired initial
radicals. This new generation of initiator compounds can therefore be cleanly used in
reductive radical chain reactions.'®

3.6.1 Alkylcyclohexa-2,5-diene-1-carboxylic acid.
1-Alkylcyclohexa-2,5-diene-1-carboxylic acids 119 are efficient precursors for radical
generation. Photolysis of carboxylic acid 119 with DTBP generated the delocalised radical
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120 which underwent B-scission, at increased temperatures, yielding the desired alkyl radical
accompanied by the easily removable benzoic acid (Scheme 46).

R CO,H R CO,H CO,H
DTBP A Re . @
119 120
Scheme 46

Scheme 47 shows that ring closure of the radical derived from myrtenyl containing

acid took place in both 5-exo and 6-endo modes to afford cyclic ethers in moderate yields. '’

HO,C HO,C Q CO,H
(e | A RS0 0 )
o PhH o o 0 o]

Scheme 47

3.6.2 Alkylcyclohexa-2,5-diene-1-car boxylates.

1-Phenylcyclohexa-2,5-diene-1-carboxylates, containing bisallylic activation, have
been shown to undergo radical induced fragmentation to give the alkyl radical R and toluene,
in the presence of radical initiator dibenzoyl peroxide (Scheme 48).

PhPh

TN

Ph CO,R Ph. CO,R *CO,R

BZzoz ‘ X A
121 122&Y ar €O,
121

Scheme 48

Phenylcyclohexa-2,5-diene-1-carboxylates 121 afforded cyclohexadienyl radicals 122
which mainly underwent p-scission above 80 °C to produce the akoxycarbonyl radicals
"CO2R. The latter underwent decarboxylation, thus generating the alkyl radical R: This alkyl
radical then reacted to give RA*, which abstracted hydrogen from more 121 to give the
product RAH and delocalised radical 122, hence continuing the chain process.®
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In seeking to extend the scope further Walton and co-workers'® proposed the
analogous carbamoyl cyclohexadienes 123 as sources of carbamoyl radicals, anticipating that
the thermodynamic stability of carbamoyl radicas would prevent decarbonylation from
occurring at moderates temperatures, and hence they could be incorporated in radical chain
cyclizations. Carbamoyl radicals underwent 4-exo cyclisations, generating carbon centred
radical which were reduced. However, since the reduction of carbon-centred radicals with
cyclohexadiene is slow, they showed that more efficient chains were obtained using polarity
reversal catalysis (Scheme 49).

(\ Ph KPh
P Ph
N Bz N/BZ _ Ph Ph
lauril peroxide - PhMe >
o ___ - @ 0O —— * N e N — N,
RSH, PhH O 7N & Bz d Bz

66%

123 124 125

Scheme 49

3.6.3 Silylated cyclohexadienes as radical reducing agents.

Based on the observations made by Walton on the use of cyclohexadienes as free
radical mediators, Studer’™® introduced new silylated cyclohexadienes which can act as
efficient hydrogen donors suitable to replace tin hydride in radical chain reductions. For
example t-butyldimethylsilyl derivative 126 in the presence of radical initiator such as AIBN
in n-hexane produced the corresponding cyclohexadienyl radical 127 (Scheme 50).

Meo\ﬁj/OMe @OA
|
1282/ tBuMesSi *
t-BuMeSiH
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Scheme 50
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Rearomatization of 127 releases t-butyldimethylsilyl radicals which can propagate the
chain by halogen abstraction from an aryl halide to give the desired aryl radica 129.
Intramolecular addition onto a double bond and subsequent bisallylic H-abstraction from
more 126, produced the dihydrobenzofuran 130, the only by-product being methylated
resorcin diether 128.

Recently, Studer and co-workers have introduced N-functionalized cyclohexadienes
as a good dternative in the generation of aminyl and amidyl radicals™' These
cyclohexadienes can be used as an efficient reagent for the transition metal free
hydroamination of unactivated olefins (Scheme 51).

I\Q DTBP %3
Ab ﬁ © e g
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PhH, 140°C
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Scheme 51

4.0 Iminyl Radicals.

In the last decade radical reactions have been conclusively accepted as a powerful tool
in organic synthesis, and the excellent control for regio- and stereo-selectivity achieved in
radical chemistry has allowed an extraordinary growth in the design of novel, exciting
radical-based synthetic strategies.

Among the diverse radical species, iminyl radicals were amost entirely ignored by
organic chemist until the eighties, however by now they have been definitely established as
very interesting, versatile intermediates, capable of being employed in many synthetically
useful transformations.™

Iminyl radicals are of significant interest in synthetic radical chemistry due to their
ability to perform cyclizations onto aromatic rings and double bonds, constituting an
attractive strategy for the synthesis of nitrogen heterocycles.

For EPR spectroscopic studies, alkyliminyl radicals have been generated by thermal
rearrangements of oxime thiocarbamates'® and by H-atom abstraction from imines.*** Both
alkyl- and aryl-iminyls have g-factors of about 2.0033, a(N) values close to 10 G and a(B-H)
values of about 80 G. This evidence indicates that iminyls are o-type species with their
unpaired electrons in orbitals on the N-atoms in the nodal plane of the C=N =-system as
shown in 131. The large a(B-H) values show that monoalkyliminyls are subject to
hyperconjugation 132 (Figure 6).
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Figure 6

The structure 131 precludes substantial delocalization of the unpaired electron into
the ring n-system of aryliminyls. Consequently, substituent effects on the reactivity of
iminyls are weak-inductive and steric; strong effects from ring substituents of aryliminyls are
not expected to come into play. These factors aso imply that N-X bonds in R,C=N-X
compounds will be weak compared to N-X bonds in other N-containing compounds.

During the past several years, an increasing number of research groups, have
developed ingenious methodologies for the generation and cyclisation of iminyl radicals and
it has been recognized as a powerful method for construction of nitrogen heterocycles.

4.1 Generation of Iminyl Radicals.
Early attempts to generate iminyl radicals relied on harsh conditions and this limited
their synthetic application. Forrester and co-workers™® demonstrated that iminyl radicals

could be obtained from imino-oxyacetic acid on boiling in the presence of persulfate.

Ar Ar CH0 AT
-CO ° 2 .
>=N0CH2C02H 2 5 FNOCHz —_— >:N
Ar Ar Ar
Scheme 52

It was not until the early 1990's, when Zard and co-workers conducted their intensive
investigation into the chemistry of iminyl radicals, that methods of generating iminyl radicals

under mild conditions became available.

4.1.1 Synthetic methods using tributyltin hydride.

The original methodology employed by Zard and co-workers™® for producing iminyl
radicals was tin based. The precursor 133 was prepared via the condensation reaction of
benzathiazolylsulfenamide with 2-allyl-cyclohexanone. On slow addition of tributylstannane
in the presence of a small quantity of AIBN the precursor was found to give the iminyl
radical 134 which cyclised to give the desired pyrrolenine derivative 135 in good yield
(Scheme 53).
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The synthesis of the sulphenylimine precursor is not straightforward, especialy when

al.**" sought another type

hindered or heavily functionalised substrates are involved. Zard et
of precursor which would lead to an iminyl upon exposure to stannyl radicals, the benzoates
of oximes. Benzoates of oximes are trivial to synthesise and under the same conditions used
for the sulfenimides, addition of tributylstannane to various oxime benzoates led smoothly to

the products expected for iminyl radicals (Scheme 54).
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A more recent and general route to nitrogen centred radicals, which takes advantage
of the weakness of the nitrogen-nitrogen bond in hydrazones as well as the radicophilicity of
the thiocarbonyl group, was introduced by Zard.'*® Derivatives such as 136 would be
expected to react with stannyl radicals in the manner outlined in Scheme 55 to give the iminyl
radical. The hydrazone precursors are prepared by a simple condensation reaction. Because of
the presence of the thiocarbonyl group, such derivatives turn out to be much more reactive

towards tin radical s than the corresponding oxime benzoates.
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Klaim™® described N-benzotriazolylimines 137 as suitable precursors for the

generation of iminyl radicals and disclose a new radical chain process involving attack of a
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stannyl radical on a nitrogen atom. N-benzotriazolylimines have several attractive features:
first, their preparation from the corresponding carbonyl derivatives is an easy process, and
moreover, these compounds incorporate a relatively weak N-N bond. Treatment of N-
benzotriazolylimines 137 with BusSnH in benzene containing a catalytic amount of AIBN
leads to the formation of the corresponding iminyl radica 138 and N-
(tributylstannyl)benzotriazole 139 (Scheme 56).
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137 138 139
Scheme 56

Spagnolo and co-workers'® have reported very recently the generation of iminyl
radicals making use of the radica chemistry of azides. The radica reaction of
tributyltinhydride with the iodo azide 140 provides an excellent access to iminyl radical 142
through 1,5-hydrogen transfer reaction of initially formed aryl radical 141 followed by f-
elimination of dinitrogen (Scheme 57).
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An interesting methodology for the formation of iminyl radicas involves the
cyclisation of a carbon centred radical onto a nitrile. This process has been investigated
extensively by Bowman et al.*** and has proved to be an effective source of iminyl radicalsin
the synthesis of polycyclic nitrogen heterocycles (Scheme 58).
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4.1.2 Tin free synthetic methods.

Due to the problems of tin hydride previously described, great effort has gone into
developing tin free methodologies for the generation of iminyl radicals. Thermal and
photochemical methods have been used in the generation of iminyl radicals from a wide
variety of oxime derivatives.'?

Zard and co-workers, connoisseurs of the problems related to the use of tin, were
anxious to develop atin free methodology. They examined the chemistry of Forrester,**® and
attempted to replace the harsh oxidising conditions described above, with much milder
Barton chemistry. The Barton decarboxylation reaction provided a photochemical route to
iminyl radicals'®® (Scheme 59).
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Scheme 59

A second tin-free methodology employing nickel powder as a single electron reducing
agent was described by Zard.*?* The origin of the iminyl radical based on the weak oxime N-
O bond. It was postulated that a mild reducing agent would break the N-O bond, resulting in
formation of the iminyl radical (Scheme 60).
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The reaction however, requires a large excess of nickel powder. Narasaka and co-
workers*® conducted such a transformation in a catalytic manner. Copper(l) complexes were
found to work as redox cataysts. When O-methoxycarbonyloxime of y,d-unsaturated
ketones, 5 mol % of CuBr SMe, and LiBr in 1,4-dioxane was heated at 80 °C severd
bromomethyl dihydropyrroles were obtained in good yields (Scheme 61).
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Narasaka and coworkers'?® have done extensive research into the generation of iminyl
radicals by electron transfer to oxime derivatives. They introduced a photo-induced el ectron-

transfer process to the radical cyclization of oximes (Scheme 62).
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Photo irradiation of a mixture of y,5-unsaturated O-(p-cyano-phenyl)oxime in the
presence of 1,5-dimethoxynaphthaene and a radica trap afforded the synthesis of
dihydropyrroles in good yields. In this reaction, the excited 1,5-dimethoxynaphthalene was
used as a one-electron reductant. To make the electron transfer efficient, a p-cyanophenyl
group was introduced as a substituent of the oxime oxygen.

Narasaka et a.**’ replaced the cyanophenyl group by a small substituent in the sense
of atom economy and for the availability of the starting material. They reported the

photochemical cyclization of y,0-unsaturated oximes having acetyl groups on their oxime

oxygen (Scheme 63).
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Scheme 63
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The photochemica radical cyclization was examined under UV irradiation in the
presence of 1,5-dimethoxynaphthalene as a sensitizer in acetonitrile. Although acetyloxime
143 does not act as a good electron acceptor, the presence of acetic acid accelerates the
electron transfer, in which the protonated O-acetyl, generated in equilibrium, might work as a
good el ectron acceptor.

Next, Narasaka'*’ examined the cyclization of aryl ketone oximes instead of alkyl
ketone oximes and observed that the reaction proceeded in the absence of AcOH and the
presence of excess of 1,4-cyclohexadiene and 1,5-dimethoxynaphthalene. These results
indicated that the cyclization of phenyl ketone oximes does not proceed by the electron
transfer process. O-Alkyloximes are cleaved homolytically by photoexcitation.

Rodriguez and co-workers'® have recently reported the iminyl radical cyclization by
UV irradiation of acetyloximes in the synthesis of six-membered nitrogen heterocyclic rings
(Scheme 64).

Scheme 64

Concerning photochemical radical reaction of oximes, Zard et al.'*® reported an
efficient radica chain cyclization of O-(methylthio)thiocarbonyloxime 146 initiated by
homolytic cleavage of an N-O bond by photo irradiation (Scheme 65).
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Weinreb and co-workers™ have developed a new, mild, methodology for the
generation of iminyl and amidyl radicals, based on the treatment of oximes with 24-
dimethylbenzenesulfinyl chloride. Using a series of mechanistic experiments, it was
determined that the process involves the initial formation of the sulfinite ester 147 which
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upon warming, undergoes a spontaneous homolysis to an iminyl/sulfinyl ‘caged’ radical pair

148. Subsequent recombination of this pair was found to afford the product 149 (Scheme 66).
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Scheme 66

Thermal methods are usually advantageous in synthetic procedures because they are
simpler, experimentally convenient and because they readily lend themselves to scale up. A
few precursors suitable for thermal release of iminyls are known. For instance, O-2,4-
dinitrophenyloximes 150 were introduced by Narasaka et a.**' as intermediates suitable for
thermal release of iminyl radicals in the presence of NaH and 3,4-methylenedioxyphenol

(Scheme 67).
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Scheme 67

The reaction was initiated by one electron reduction of the oxime with NaH and 3,4-
methylenedioxyphenol to form an anion radical species. Subsequently, radical cyclisation

proceed to form the alkyl radical, which was trapped with aradical trapping reagent.
McNab et a.*? introduced a gas-phase generation of iminyl radical by flash vacuum

pyrolysis (FVP) of oxime ethers at 650 °C and 0.001 Torr., affording the synthesis of several
nitrogen heterocycles in moderate yields (Scheme 68).
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4.2 Synthetic applications of iminyl radicals.

Iminyl radicals are exceptionally useful intermediates, capable of mediating a lot of
synthetically interesting transformations. A great deal of work has been done on their
intramolecular capture by an olefin moiety: this is a particularly efficient synthetic method
for nitrogen heterocycles, especially relevant to the field of alkaloids. However, other
interesting behaviours have been reported, e.g. addition to aromatic rings and fragmentation
to nitriles with concomitant opening of strained rings: the latter is a particularly useful
process that can be incorporated in synthetically useful radical cascade reaction, as will be
demonstrated later.

In the absence of other reaction channels, iminyl radicals terminate by N-N coupling
to give azines. The large magnitudes of the rate constant of these dimerization reactions, for
small to moderately sized species,™*® indicate their coupling is diffusion controlled, just like
the terminations of simple alkyl radicals. As expected, steric hindrance drastically reduced
2k; for di-t-butyliminyl which undergoes slow dimerization (2k;= 4 x 10° M s* at 238 K) at
temperature below 248 K, but B-scission above this (Scheme 69). B-Scission reactions
yielding nitriles are not important at T < 420 K for aryliminyls or for iminyls with primary-
alkyl substituents (Scheme 69).

R =Bu- R R = Ph, CF;
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7s R=Ph, 2x10®
R=CF; 4x10°
Scheme 69

The addition reactions of iminyl radicals were investigated by Newcomb and co-
workers'* using laser flash photolysis. 5-Exo-ring closure is very important from a synthetic
perspective, so they measured the rate constant for the 5-exo cyclisation of 6,6-diphenylhex-
5-en-2-iminyl 153 by LFP. The measurement showed it to be a factor of 10 slower than the C
centered analog 154. The rate constant for H-abstraction from thiophenol by a model was
also determined for iminyl 153 and proved to be about a factor of 16 slower than the C-
centered analog 154 (Scheme 70).
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Scheme 70

In a preparative sequence, ring closure is often in competition with H-abstraction by
the iminyl intermediate. The fact that H-abstraction by iminyl is also comparatively slow is
crucia for the success of many heterocycle syntheses.

The synthetic potential of iminyl radicals has been investigated intensively during the
last decade. The most studied reactions of iminyl radicals are cyclisations onto double-bonds.
It constitutes an attractive strategy for constructing nitrogen heterocycles.

The cyclisation reactions of iminyl radicals have been applied to the preparation of
the skeleton of indolizidine akaloids by Zard and co-workers. The iminyl radical, formed on
treatment of the sulphenylimine 155 with tributyltin hydride could undergo a 5-exo
cyclisation followed by addition to the electrophilic akene. Reduction with sodium
cyanoborohydride was followed by spontaneous cyclisation to give the lactam 156 (Scheme
71).

Scheme 71

Narasaka and co-workers™" applied the iminyl radical cyclisation reaction onto a
double bond in the synthesis of the diakylpyrrolizidine alkaloid xenovenine. The key step is
the construction of the dihydropyrrole 158 via a 5-exo ring closure. The precursor 2,4-
dinitrophenyloxime 157 was treated with NaH and 3,4-methylenedioxyphenol in the presence
of 1,4-cyclohexadiene as aH donor (Scheme 72).
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0 H
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Scheme 72

Very recently the same group has reported the total synthesis of the natural product
peduncularine. This alkaloid consists of an unusual 6-azabicyclo[3.2.1]octane core with a 3-
indolylmethyl group 161. Narasaka et a.** proposed the radical cyclisation of oximes as a
key step to construct the 6-azabicyclo[3.2.1]octane framework. O-(2,4-dinitrophenyl)oxime
159 was treated with NaH and 3,4-methylenedioxyphenol in the presence of diphenyl
selenide at 50 °C for 2 h. The expected tricyclic imine exo-160 possessing a phenylseleno
group was obtained in 77 % yield (Scheme 73).

O
/
o Phse.
N~ NaH, sesamol
5 -4y ==
(PhSe), 1.4-dioxane N= 0] N
ON O r.t., 24h. H
0,
: ? 7% Peduncularine
159 160 161

Scheme 73

The ability of iminyl radicals to ring close onto double bonds was proved in the
synthesis of the complex heptacyclic compound 163 carried out by Zard and co-workers.*'®
Treatment of the corresponding thiocarbazone precursor 162 with BusSnH generated the
nitrogen centered radical which underwent 5-exo addition affording the desired polycyclic
structure in very high yield (Scheme 74).

MeO

Bu;SnH, AIBN
MeO" Cyclohexadiene
reflux
Me
Scheme 74
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A very elegant synthetic application of iminyl radical has been used by Malacria et
a.** in the total synthesis of the anticancer alkaloid luotonin A 165. They proposed a cascade
radical cyclisation process to build the pyrroloquinazoline moiety 165 from N-acylcyanamide
radical precursor 164. In this case, the iminyl radical was generated by the cyclisation of the
aryl radica onto the triple bond of the cyanamide 166 in a 5-exo process. The iminyl
intermediate 167 undergoes homolytic aromatic substitution via 6-endo cyclisation onto the

phenyl ring followed by rearomatization (Scheme 75).

OO0 = COC 0 2. OO0
N NG| PhMe N
N reflux, sunlamp N
164 165

Scheme 75

Although 5-exo cyclisation between an iminyl radical and an olefin has been proved
to be an excellent strategy to construct five-membered nitrogen heterocyles, the synthesis of
six-membered heterocyclic rings has been hardly described. Forrester'™ and recently
Rodriguez and co-workers™® have reported an efficient photochemical approach for the

unusual generation of six-membered azaheterocycles (Scheme 76).

Ph Ph

o -\\‘/Ph N Ph
@Ymox — v — OY“ — LA
Ph t-Butanol Ph Ph Ph

Scheme 76

Other important potential applications of iminyl radicals involve ring-opening
reactions of strained rings such as cyclobutane and cyclopropane to give steroids and
terpenes. In the absence of a radical trap the process leads to formation of a nitrile through
scission of the intermediate cyclobutyliminyl radical to give the more stable carbon-centered
radical. Scheme 77 shows an elegant route to bicyclic compound 168 involving a cascade of

ring-opening reactions followed by a ring-closure reaction. The level of control is high since
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the configuration of the carbon bearing the ester group can be corrected (via the enolate) in
almost quantitative yield on treatment with base. The starting material was readily prepared

from A-carene, and its configuration dictates that of the end product.

co,Me

168
Scheme 77

The ring opening tendency of iminyl radicals has also been applied to the preparation
of terpenes and akaoids. In the tota synthesis of Quadrone, Zard and co-workers
demonstrated how the carbon skeleton of Quadrone could be assembled in a one-pot
synthesis starting from the iminyl radical 169 derived from a Barton decarboxylation
(Scheme 78).

Quadrone
/ 'rSOZPh
Me -
q H
—_—
169

Scheme 78

It can be seen from these examples that iminyl radicals are of significant interest in
synthetic radical chemistry due to their ability to perform cyclisations onto double bonds and
aromatic rings and fragmentation reactions to give nitrile products. Therefore, research into

the development of new precursors and new applications is ongoing.
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5.0 Aims and Objectives.

It is clear from the material covered in this introduction that free radicals are a
powerful tool for synthetic organic chemistry and have been used to prepare an impressive
range of complex organic molecules. However, it is aso clear that the dependence on tin
hydride and other metal based chemistry is holding back its application to general synthesis.

This research project had a number of aims and objectives, of which, the primary was
the development of two new “clean” sources of iminyl radicals avoiding the use of tin
hydride. The precursors investigated were phenyl oxime ethers 170 and dioxime oxalates 171
(Figure 7).

Ri~_N o Ra
lf ~0oPh Ri~N- on(Q N//'\ R,
2 = o)

170 171
Figure?7

Phenyl oxime ethers 170 were the first iminyl radical precursors extensively studied
during this project. The main objective was to develop an efficient and relievable thermal
methodology for generation of iminyl radicals 172 via microwave irradiation of O-phenyl

oximes (Scheme 79).

JO\ 4
N'""Ph N
l oMW + PhO"
Rl)\RZ RI)J\RZ
170 172 173
Scheme 79

The study of the cyclisation properties of iminyl radicals onto different groups
promoted by microwaves became our next goal. A wide range of phenyl oxime ethers with a
variety of acceptor side-chains would be prepared and studies towards the synthesis of

biologically active heterocycles such as neocryptolepine 174, pyrrolizidine 175 and

. :
@\J> <O/N

175 176

trisphaeridine 176 were planned (Figure 8).

Figure 8
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Another aim of the project was to observe cyclisation of iminyl radicals onto imines.
Imines were expected to aid cyclisation and also to introduce another nitrogen atom into the
cyclised species. In particular, our ambition was to develop an efficient, reliable and high

yielding procedure for the synthesis of quinazolines 178.

R;
SeOPhRcno Ry ¢
_ =
R N)\R4
178
Scheme 80

Finally, the last aim of the project was to find an efficient, versatile, synthetic route to
dioxime oxalates 171. Once the precursor molecules had been prepared it was hoped to test
them as photochemical sources of free radicals. The dioxime oxalate was designed to act as a
photochemical precursor for two molecules of iminyl radical 172 in a clean and atom-
efficient mode on account of the fact that the only by-product would be CO, (Scheme 81).

Rl\r )J\W ™ RI\RI//N + 20,
2
171 172
Scheme 81

It was also an aim of this project to monitor the photochemistry of these systems and
to characterise the radicals using ESR spectroscopy. These ESR studies would serve to
validate proposed mechanisms and might also provide some useful kinetic data for iminyl
radical cyclisations.

The third main objective was to design and prepare dioxime oxaates which had a
proximate radical acceptor such as double bond and phenyl group for ring closure of the
iminyl radical. It was hoped in thisway to prepare several dihydropyrroles (Scheme 82).

Ry

Ar )J\[( 5 200 5-exo |
Ry Ry R, ™2
179 180 181

Scheme 82
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1.0 Introduction

1.1 Microwave Chemistry.

High-speed syntheses with microwaves have attracted a considerable amount of
attention in recent years." Microwave-assisted heating under controlled conditions is an
invaluable technology for medicinal chemistry and drug discovery applications because it
often dramatically reduces reaction times, typically from days or hours to minutes or even
seconds. Many reaction parameters, such as reaction temperature and time, variations in
solvents, additives and catalysts, or the molar ratios of the substrates, can be evaluated in a
few hours to optimize the desired chemistry.

Traditionally, organic reactions are heated using an external heat source, and therefore
heat is transferred by conductance. This is a comparatively slow and inefficient method for
transferring energy into the system because it depends on the thermal conductivity of the
various materials that must be penetrated, and results in the temperature of the reaction vessel
being higher than that of the reaction mixture. By contrast, microwave irradiation produces
efficient internal heating by direct coupling of microwave energy with polar molecules that
are present in the reaction mixture. In Figure 1A can be observed the difference in
temperature profiles for a 5-ml sample of ethanol heated under single-mode, sealed vessel
microwave irradiation and an open-vessel-oil-bath conditions for 3 minutes. Using sealed-
vessel microwave irradiation, a significantly higher temperature can rapidly be reached,
compared with the oil-bath experiment, which was carried out under standard open-vessel
reflux conditions. Figure 1B represents the inverted temperature gradients in microwave
versus oil-bath heating. Temperature profiles 1 minute after heating by microwave irradiation
compared with treatment in an oil-bath. Microwave irradiation raises the temperature of the
whole volume simultaneously whereas in the oil-heated tube the reaction mixture in contact
with the vessel wall is heated first (Figure 1).2

Microwave Oil bath

=

= 3 B 2

'
450 | 1

460
! 440
420

400

Z 2

Temperature (°C)

Ol bath

2 & £

A Figurel B

57



Microwave Assisted Generation of Iminyl Radicals, Syntheses of N-Heterocycles. Chapter 2

1.1.1 Microwavetheory.

Microwave assisted organic syntheses (MAQOS) are mainly based on the efficient
heating of materials by “microwave dielectric heating” effects.®> Microwave dielectric heating
is dependent on the ability of a specific material to absorb microwave energy and convert it to
heat. Microwave irradiation triggers heating by two main mechanisms: dipolar polarization
and ionic conduction. Whereas the dipoles in the reaction mixture are involved in the dipolar
polarization effect, the charged particles in a sample are affected by ionic conduction. When
irradiated at microwave frequencies, the dipoles or ions of the sample align in the applied
electric field. As the applied field oscillates, the dipole or ion field attempts to realign itself
with the alternating electric field and, in the process, energy is lost in the form of heat
through molecular friction and dielectric loss. The amount of heat generated by this processis
directly related to the capacity of the matrix to align itself with the frequency of the applied
field. If the dipole does not have enough time to realign, or reorients too quickly with the
applied field, no heating occurs. The allocated frequency of 2.45 GHz used in the commercial
systems lies between these two extremes, and gives the molecular dipole time to align in the
field but not to follow the alternating field precisely. Under such conditions, rapid heating
will be observed, particularly if a sealed vessel system is used (Figure 2).*

\\\ A 2 t

'
Figure2

The ability of a specific substance to convert electromagnetic energy into heat at a
given frequency and temperature is determined by the so-called loss factor tans. This loss
factor is expressed as the quotient tand=¢'’/e’, where ¢’ is the didectric loss, which is
indicative of the efficiency with which electromagnetic radiation is converted into heat, and
¢’ isthe diglectric constant describing the ability of molecules to be polarized by the electric
field. A reaction medium with a high tané value is required for efficient absorption and,
consequently, for rapid heating. It has to be emphasized that a low tand values does not
preclude a particular solvent from being used in a microwave-heated reaction. Since either
the substrates or some of the reagents are likely to be polar, the overall dielectric properties of

the reaction medium will in most cases alow sufficient heating by microwaves. Furthermore,
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polar additives such as ionic liquids, for example, can be added to otherwise low-absorbing

reaction mixtures to increase the absorbance level of the medium.
1.1.2 Equipment.

Although many of the early experiments in microwave-assisted organic syntheses were
carried out in domestic ovens, the current trend is to use dedicated instruments for chemical
syntheses.

Two different philosophies with respect to microwave reactor design are currently
emerging: multimode and monomode. In the multimode instruments (Figure 3A) the
microwaves that enter the cavity are reflected by the walls and the load over the typically
large cavity. In the smaller monomode cavities (Figure 3B), the electromagnetic irradiation is
directed through an accurately designed rectangular or circular wave guide onto the reaction

vessel mounted at a fixed distance from the radiation source, thus creating a standing wave.”
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The key difference between the two types of reactor systems is that whereas in
multimode cavities several reaction vessels can be irradiated simultaneously in multi-vessel

rotors, in monomode systems only one vessel can be irradiated at atime.

Microwave chemistry has an edge over conventional heating methods for conducting
chemical reactions, and it will soon emerge as the preferred technology for performing
chemical synthesis relating to lead development in pharmaceutica and biotechnology
companies. Moreover, the use of microwave chemistry for industrial production holds
promise, since research has aready been initiated to scale up microwave chemistry reactions

from milligrams to kilograms.
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1.2 Microwave Assisted Free Radical Reactions.

The new instrument innovations allow careful control of time, temperature, and
pressure profiles, paving the way to reproducible protocol development and scale up. MAOS
not only reduces chemical reaction times significantly, but it is also known to reduce side
reactions, increase yields and improve reproducibility. Therefore, many academic and
industrial research groups use MAOS as a technology for rapid reaction optimization, for the
efficient syntheses of new chemical entities, or for discovering and probing new chemical
reactivity. MAOS has been extensively used in a great number of different types of chemical
transformations, such as, organometallic reactions, akylations, oxidations, reductions,
pericyclic reactions, additions etc.

However, surprisingly, only a few reports have appeared concerning microwave—
induced free radical reactions. The first example was reported by Bose and coworkers® in the
early nineties. They carried out stereoselective dehalogenation of a-halo-f-lactams by a free-
radical reaction in dry tetrahydrofuran with tributyltin hydride in the presence of AIBN. 6,6-
Dibromopenicillanic acid 1 was converted to the cis-6-B-bromo compound 2 with minor
amounts of the trans-6-a-bromo isomer 3 in about 3 minutes of heating at low energy in a

commercia microwave oven (Scheme 1).

B

; } n- BU3SnH ; { \>—
AIBN/THF (:
3 minutes 3

Scheme 1

Hallberg et al.” reported radical-mediated cyclisations utilizing benzotrifluoride as a
solvent under microwave irradiation. In the presence of AIBN as aradical initiator, the aryl
iodide 4 smoothly underwent microwave-mediated cyclisation to the corresponding indole
derivative 5 in high yield. With these highly fluorous tin reagents, the advantage of
microwave irradiation, along with reducing reaction times, may be the rapid coalescence of

the organic and fluorous phases to form a homogeneous solution (Scheme 2).

oLy ow O

. HS(CH,CH,C1oF1)3 \
Cbz 35W, 5 minutes
4 93 % S

Scheme 2
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The effect of microwave irradiation on atom- or group-transfer reactions has been
studied by severa groups. In such processes, a carbon-centred radical is initialy produced by
homolytic cleavage of a C-X bond where X is commonly halogen or a chalcogen derivative.
Following some type of radical transformation (for example, intra- or inter-molecular
addition), the heteroatom is transferred from the radical precursor to give the group- or atom-
transfer product with generation of the initially formed carbon-centred radical. In contrast
with products of reductive radical transformations, the functional group of the radica
precursor is retained in the group-transfer product and is thus available for further synthetic

manipulations.

Engman and coworkers® reported on rapid radical group-transfer cyclization of
organotellurium compounds 6 and 7. They found that primary and secondary akyl aryl
tellurides underwent rapid (3-10 min) group transfer cyclisation to afford tetrahydrofuran
derivatives in good yields when heated in a microwave cavity at 250 °C in ethylene glycol or
at 180 °C in water (Scheme 3).

TeAr
TeAr MW O\{
"/,O/\/ Ethylene glycol 0)

6 250°C, 3-5 min 3 examples 65 -73 %
‘TeAr
/[TeAr MW R /Eg
=
g 180°C\7§§5 min R™ O
7 3 examples 63 -74 %
Scheme 3

Very recently an example of atom-transfer radical cyclisation induced by microwave
irradiation has been reported by Quayle and coworkers.’ They described that a catalyst
system comprising the ligand 9 in conjunction with a suitable source of Cu(l), promoted a
regiospecific benzannulation reaction of 2-allylphenyl trichloroacetate 8 to chloronaphthalene
11. This reaction proceeded under microwave irradiation for two hours a 200 °C in
dichloroethane via the intermediacy of lactone 10, the result of an initial 8-endo-trig atom
transfer radical cyclisation (Scheme 4).

| cl
MW R O
0COCCl; 200°C.2h o R O cl
0 R

NN Cl
R Y
é\] cl I\b CuCl ) 7 examples 55-84 %
= = - —J
9 10 11

Scheme 4
61



Microwave Assisted Generation of Iminyl Radicals, Syntheses of N-Heterocycles. Chapter 2

Kilburn et al.° described how flash-heating by microwave irradiation promoted rapid
thiol-mediated radical cyclisation of akenyl and akynyl isonitriles to give highly
functionalised pyrrolines. The usefulness of this technique was exemplified by comparison
with traditional thermal heating techniques. In a typical reaction a thiyl radical added to an
alkenyl isocyanide 12, generating the thioimidoyl radical 13, which underwent 5-exo
cyclisation and subsequent hydrogen abstraction to afford cis and trans-pyrroline 14 (Scheme
5).

EtOOC._NC EtO0C EtOOC

PhSH
PhSH, AIBN - PhS
| 130°, 5 min.

12 75 %

Scheme 5

Phosphorus hydrides have acquired relevance in recent years as replacements of
tributyltin hydride in radical reductions. Parsons and coworkers™ investigated whether
radical reactions of hydrides with particularly weak P-H bonds could be initiated ssmply by
heating without any initiator. They found that phosphinothioate 15, heated under reflux with
dialyl ether 16 in cyclohexane gave the tetrahydrofuran 17 in only 39 % yield after 60 hours.
On the other hand, microwave irradiation of phosphinothioate 15 and diallyl ether 16 in a
sealed tube in dioxane at 150 °C for 1 hour, afforded tetrahydrofuran 17 in 93 % yield. The
yield of 17 obtained by the use of microwave irradiation is considerably higher than by the
use of conventional heating, and the reaction time is considerably shorter (Scheme 6).

D
I J/ OctO—ll)‘H
OctO— P H _Mw Ph
Toluene
150°C, 1 hour O
93 %
15 16 17

Scheme 6

Studer and Wetter*? have described radical carboaminoxylations of various non-
activated alkenes and difficult radical cyclisations. The thermally reversible homolysis of
alkoxyamines 18 generates the persistent radical 2,2,6,6-tetramethylpiperidinyl-1-ol
(TEMPO) and a stabilized transient malonyl radical 19, which subsequently reacts with an
akene to afford the corresponding carboaminoxylation product 20. Under conventional
conditions (DMF, sedled tube, 135 °C) these radical addition processes take up to 3 days.
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Using seal ed-vessel microwave heating at 180 °C for 10 minutes higher yields were obtained
(Scheme 7).

7Ov ' 5
N MW R (0]

p + PR —————— + TEMPO
e 80°C, 10min |20 COMe )
Me0,C” CO,Me o mn Me0,C~ >CO,Me
18 19 20
6 examples 63-94 %
Scheme 7

The same group disclosed a related free radical process, namely an efficient one-pot
sequence comprising a homolytic aromatic substitution followed by an ionic Horner-
Wadsworth-Emmons olefination, for the production of a small library of a,p-unsaturated
oxindoles® Suitable TEMPO-derived akoxyamine precursors 21 were exposed to
microwave irradiation in DMF for 2 minutes to generate and oxindole intermediate 22 via an

intramolecular homolytic aromatic substitution (Scheme 8).

OEt\ /]
OEt— P O, R!
o, N MW
T DME G o’P‘ KOBu, ArCHO
180 °C. 2 min. OFt 180 °C 6 min
81 %
’ 8 examples 43-87 %
OFEt~ 1
OEt/I;\.)J\N,R .
23 24
Scheme 8

A recent example in the use of akoxyamines as clean sources for the generation of C-
centred radicals via microwave irradiation was described by Studer et al** in their syntheses
of quinolines by a tandem radical process. Carbon centred radical 29 generated via thermal
C-O bond homolysis will react either with TEMPO to reform starting material 25 or with
phenyl isonitrile 26 to afford the corresponding imidoyl radical 30. Radical 30 can further
react in a 5-exo type cyclisation to give the primary akyl radical 31 which can undergo
homolytic aromatic substitution to provide imine 32 which readily oxidizes during workup to

the corresponding quinoline. The heterocycles were obtained in moderate to good yield.
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Upon using microwave-induced heating, the reaction time can be shortened from 3 days to 30

minutes (Scheme 9).

j\;g NC MW N /

=

180° C, 30 minutes O
25

61 %

i o 0O

+ PhNC N Ny
SR g
29 30 31
Scheme 9

Kusumoto and co-workers™ have recently described a solid-phase synthesis of indol-
2-ones based on aradical cyclisation. Medicinal chemists in the pharmaceutical industry now
routinely utilize solid-phase organic synthesis (SPOS) to prepare libraries of small organic
molecules for screening. The advantages of this methodology have been well described in the
recent literature.’® Excess reagents can be used to drive reactions to completion, impurities
and excess reagents can be removed by simple washing of the solid-phase, and enormous
numbers of compounds can be created using the mix and split technique. In this example,
N,N-dimethylformamide was found to be the best solvent for the radical cyclisation.
Interestingly, the radical-induced cyclisation with tributyltin hydride and AIBN did not
proceed at all under conventional thermal conditions. However the radical cyclisation could
be performed utilizing a single mode microwave reactor (Scheme 10).

o 0
4
H N;g[R H A
MW
ON R2 Br'R? . O/N =2 Ls
o) BusSnH, AIBN, DMF o)
170°C, 45 minutes

Rl
40 examples 45-100 %

Scheme 10

In avery recent report Reiser’s group®’ has described the synthesis of 2-arylindoles 35
via tandem radical cyclisations of the corresponding acrylates 33 and subsequent oxidation.
In the first step of the synthesis, acrylates are transformed to 2-arylindolines 34 by a
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tributyltin hydride mediated radical cyclization involving a 1,6-H transfer followed by a 5-

exo ring closure under open vessel microwave conditions (Scheme 11).

CO,Et CO,EL
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R N Ar Bu;SnH, AIBN, Toluene R N DDQ, Toluene

\
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7 examples 25-89 %
33 34 35

l T « —CO,Et
A COzEt X COzEt
N

\

Moc

36 37 38
Scheme 11

Not only carbon-centred radicals have been reported to be generated via microwave
irradiation. Hartung and co-workers™ published a comprehensive study in the microwave
generation of akoxyl radicals from N-(alkoxy)thiazole-2(3H)-thiones and their use in the
synthesis of disubstituted tetrahydrofurans by intramolecular additions, formation of carbonyl
compounds via B-fragmentation and C-H activation of aliphatic subunits by &-selective

hydrogen atom transfer (Scheme 12).
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Zou and coworkers reported the thiyl radica cyclisation of substituted
thioformanilides in the presence of manganese (111) triacetate as an electron oxidant. When
the solution of 39 and Mn(OAc)s 2H,0 in acetic acid was irradiated with microwaves the
reaction was completed in 6 minutes with an excellent yield. Phenylthioformanilide 39 could
exist as thioimidol 41; the later reacted with Mn(OAc); to produce thiyl radical 42, while
Mn(I11) was reduced to Mn(Il) at the same time. Then, homolytic aromatic substitution gave
acyclohexadienyl radical which re-aromatized to yield 2-phenylbenzo[d]thiazole 40 (Scheme
13).

S
MW S
©\ N A Ph = ©:N’>_ Ph

Mn(OAC),, AcOH

H 110°C, 6 minutes

39 80 % 40

| 1
SH  mn(n) ©\ s’ S
_ —_— — Ph
©\ NJ\Ph N/)\ Ph ’\T>_
41 42 43

Scheme 13

It is clear from the examples described above that microwave technology reduces
reaction times and increases yields and reproducibility in radical processes. The mild and
neutral conditions associated with radical chemistry and the ability of radicals to perform
intramolecular cyclisations, together with the virtues of MAOS make the combination of both
an extremely useful tool for organic and medicinal chemists. Surprisingly, no nitrogen
centred radical precursors for microwave irradiations have been reported. More concretely,
no iminyl radical precursors under microwave conditions have been described in the
literature. Ring closures of iminyl radicals constitute a particularly promising method in the
syntheses of nitrogen heterocycles as has been described earlier. Nitrogen-containing
compounds are part of the basis of life and are one of the main classes of pharmacologicaly
active agents. One of the main goals of synthetic organic chemists is to find new and
advanced methods for their preparations. It is, therefore highly desirable to develop new
sources of iminyl radicals promoted by microwave irradiation which could afford the

syntheses of aza-heterocyclesin a*“clean”, fast and high yielded manner.
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1.3 O-Phenyl oxime ethers as sour ces of iminyl radicals.

Quite recently it was reported by Walton and co-workers™ that O-phenyl oxime ethers
44 are a new class of nonazo and nonperoxide free-radical initiators that release iminyl 45
and phenoxyl radicals 46 at relatively low temperatures (scheme 14).
N° .
ﬁ'\RZ A L, v o
44 45 46
Scheme 14

From detailed studies of the thermal dissociations of a representative set of these
compounds the N-O bond dissociation energies were determined to be only 35 kcal mol™ for
R! = Me and R? = Ph. Thus, the N-O bonds of these compounds are actually weaker than the
O-0O bonds of dialkyl peroxides.

O-Phenyl oxime ethers are easily to prepare from aldehydes or ketones ssimply by
condensing them with the commercialy available O-phenylhydroxylamine hydrochloride in
anhydrous pyridine at room temperature. They anticipated, therefore, that it would be
possible to devise convenient thermal procedures for preparing dihydropyrroles and other
heterocycles from conversion of unsaturated ketones to the corresponding O-phenyl oxime
ethers. Thermal release of the unsaturated iminyl radicals would be followed by their ring
closure. In conventional, sealed tube type thermolyses of O-phenyl oxime ethers derived from
hexenone and related ketones, reaction times had to be long, products were not cleanly
formed at higher temperatures, and yields were disappointingly low. Similarly, thermal
decomposition of phenyl N-phenoxybenzimidate 47 in a seaed tube was still incomplete after
26 h a 90 °C and the ring-closed oxazole 48 was accompanied by significant amounts of

phenyl benzimidate and benzonitrile (Scheme 15).

9%
48

OPh
N* o N NH
Ol 2o 0 - DL - oo
O t-BuPh o (@)
47

Scheme 15

It was, therefore, desirable to develop a new thermal methodology which could

improve yields, reproducibility and decrease reaction times.
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2.0 Results and Discussion.

It was postulated that thermolyses of O-phenyl oxime ethers might give cleaner
product mixtures and the reaction times would be considerably shortened if microwave
irradiation were to be employed. Iminyl radical generation and cyclisation, for a
representative range of functionalized O-phenyl oxime ethers, were therefore investigated

using microwave irradiation.

2.1 Discovery and Optimization.

Compound 50 was chosen for detailed study to enable optimum reaction conditions to
be established. The O-phenyl oxime ether 50 was prepared in 75 % yield as a mixture of E
and Z isomers by stirring methyl 4-oxooct-7-enoate 49 with O-phenylhydroxylamine
hydrochloride in pyridine at room temperature. The fact that two isomers were present did

not matter because both released the same iminyl radical on scission of their N-O bonds

(Scheme 16).
OPh
Wl\f PhONH,HCI W
MeQO
Pyrldlne
O
50

5%

Scheme 16

We anticipated that under microwave irradiation the main initial reaction would be
scission of the N-O bond yielding butenyl-iminyl 51 with the phenoxyl radical 52 in equal
proportions. Scission of the weak N-O bond is favoured because of the resonance
stabilisation of the released phenoxyl radical. 5-Exo-ring closure of the iminyl radicals was
expected to produce 3,4-dihydro[2H]pyrrolomethyl radicals 53 that would yield the
corresponding substituted dihydropyrrole 54 on hydrogen abstraction from the solvent.

Similarly, the phenoxyl radicals would give phenol as the main co-product (Scheme 17).

MeO o P o f; MeO
MW N’ PhOH
+ PhG — = *
T t, sol vent

Scheme 17
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Solutions of oxime ether 50 in toluene as the H-atom donor were irradiated in a
Biotage Initiator microwave reactor (nominaly 300 MHz). The loss factor of toluene is low
(tand = 0.04), so the ionic liquid 1-ethyl-3-methyl-1H-imidazol-3-ium hexafluorophosphate
(emimPFs, IL) was included to increase the microwave absorbance level of the medium.?
The presence of this IL alowed the solution to be heated to 180 °C without any
decomposition of the ionic liquid. In the absence of emimPFs, 110 °C was the highest
temperature achievable in toluene. Other hydrogen donor solvents, such as isopropanol or
1,4-cyclohexadiene, presented the handicap of their low boiling point and the high levels of
pressure to which the microwave vessels were exposed under microwave irradiation. The
effect of different concentrations, temperatures and reaction times on the yield of
dihydropyrrole 54 was monitored by NMR spectroscopy, and the results are shown in Table 1
(Table 1).

Run phenyl oxime (mmol) T (°O) time (min) Yields 54 (mol%)!"!
1 0.2 120 10 25
2 0.2 140 10 55
3 0.2 160 10 75
4 0.2 180 10 72lel
5 0.2 160 5 66
6 0.2 160 15 99
7 0.2 160 20 96
8 0.3 160 15 78
9 0.4 160 15 67
10 0.5 160 15 59

Tablel. @ Optimization of dihydropyrrole yield from microwave irradiation of 50. Reactions in PhMe (1.5 mL)
containing emimPFg (0.05g) with CH,Br as internal standard. bl yields in mol % determined by 'H NMR. [l Amount
of emimPF4 was 0.075 g.

Entries 1-4 showed that a temperature of 160 °C was necessary to achieve complete
conversion and high yields but that at higher temperatures side reactions/degradative process
set in. Entries 3 and 5-7 showed that at 160 °C best yields were obtained with an irradiation
time of 15 minutes. However, for larger amounts of precursor 50, entries 8-10, yields fell off

in 15 minute reactions.

The NMR spectrum of the total reaction mixture from entry 6 showed essentialy
guantitative formation of dihydropyrrole 54 together with an equal quantity of phenol. This
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supported the mechanism shown in Scheme 17 and indicated that microwave irradiation

could be applied in an efficient method for use with O-phenyl oximes.

2.2 Iminyl radical addition onto alkenes.

Intramolecular radical addition to alkenes is very versatile and efficient reaction that
leads to cyclic products. Cyclisations are generally faster than comparable intermolecular
additions, and iminyl radicals can add to akenes (intramolecularly) to form cyclic products
containing a new carbon-nitrogen bond. These reactions are particularly useful for the
formation of five- and six-membered rings. The additions are regioselective and radical

addition usually occurs so as to form the smallest ring in an exo cyclisation process.

2.2.1 Syntheses of dihydropyrrolesvia 5-exo cyclisations.

Numerous biologically active akaloids contain dihydropyrroles or related rings.??
Microwave thermolyses of O-phenyl oxime ethers appeared capable of converting ketones
with but-3-enyl type substituents into dihydropyrrolesin two steps. The scope of this pathway
was probed by preparing a set of precursor oxime ethers and subsequent microwave

irradiation under the optimal conditions.

Oxime ether 56 was prepared from the corresponding commercially available ketone
55 by stirring at room temperature with one equivaent of O-phenylhydroxylamine HCI in
pyridine. The precursor 56 was isolated via column chromatography as red oil in 71 % yield.
A solution of the oxime ether in toluene was irradiated under microwave conditions during 15
minutes at 160°C affording the dihydropyrrole 57. The NMR spectrum of the total reaction
mixture showed basically the presence of dihydropyrrole 57 and phenol. 5-Methyl-2-(6-
methylhept-5-en-2-yl1)-3,4-dihydro-2H-pyrrole 57 was isolated in a 70 % yield after column

chromatography (Scheme 18).
o i | PhOL - N
PO P LN PP P - Y + PhOH
Pyridine Toluene,emimPrFg
160°C. 15 min.
55 1% 56 70 % 57

Scheme 18

The aryl-butenyl ketones 60 and 61, were prepared by alkylation of 4-
methoxyacetophenone, and the 2,4-dimethoxy analogue respectively with alyl bromide. The
first attempt was carried out in THF with 1.2 equivalents of NaH and 1.2 equivalents of allyl
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bromide. A disappointing 34 % yield of the isolated unsaturated ketone 58 was obtained after
reaction of starting materials during 24 hours at room temperature. In order to improve the
yield of the process, the reaction was carried out in DMF at 60 °C for 24 hours. The
unsaturated ketone was isolated in 68 % yield in a clear improvement in the efficiency of the
alkylation. Nevertheless, a third methodology was tested. 4-Methoxyacetophenone was
stirred at room temperature for 4 hours in the presence of 1.2 equ. of KH, 1.2 equ. of Et;B
and 1.2 equ. of alyl bromide. After workup the unsaturated ketone 60 was isolated by
column chromatography in an excellent 79 % yield. Reaction of 2,4-dimethoxyacetophenone
with alyl bromide in the same reaction conditions gave 82 % of the unsaturated ketone 61.
Subsequent condensation with O-phenylhydroxylamine HCI in pyridine yielded the oxime
ethers 62 and 63 in 73 % and 70 % respectively, which were submitted to microwave
irradiation. After being irradiated in the optima conditions 5-(4-methoxyphenyl)-2-methyl-
3,4-dihydro-2H-pyrrole 64 was isolated in 68 % yield and the 2,4-dimethoxy analogue 65 in

77 % yield following generation and intramolecular cyclisation of the iminyl radical onto the

akene group (Scheme 19).
. . |,poph Rl y
B
A ' Z PHONH,HCI_ Z MW

) KH THF Et3B 5 Pyrldlne Toluene,emimPFs

R 160°C. 15 min. R~
S8 R!=H,R?=OMe 60; 9% R'=H, R2 OMe 62; 3%  R'=H, RZ oMe  64; 68%
59 R1=R2 = OMe 61; 2% R'=R?=0Me 63; 70 % R!'=R?=0Me 65; 7%

Scheme 19

2.2.2 Potential syntheses of pyrrolizidine and indolizidine alkaloids.

Azabicyclic skeletons are important frameworks in natural products. For instance,

pyrrolizidine® and indolizidines are present in many natural products (Figure 4).

H
OH ~~
(H)-Hyacinthacine A, ) | ndolizidine239CD
Figure4

Polyhydroxylated pyrrolidine and pyrrolizidine alkaoids are a class of naturaly
occurring compounds, primarily isolated from plants throughout the world, that have
attracted considerable attention owing to their significant biological activity.?* Many of these
alkaloids exhibit diverse biological activities, including powerful glycosidase inhibitory
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properties and antiviral and antiretroviral activities, and are, therefore, potential

chemotherapeutic drug targets for HIV and cancer therapy.?

Many strategies have been developed to achieve the formation of the bicyclic
skeleton; most of them involve the nitrogen atom in the cyclization step. Strategies involving
activation of the position a to the nitrogen atom are known and involve mainly iminium and
acyliminium ion chemistry. Several radical approaches to bicyclic alkaloid skeletons have
been developed in the last 20 years, but most of them rely on the use of toxic tin derivatives.

Recently, Renaud and co-workers?® have reported the synthesis of pyrrolizidines and
indolizidines avoiding the use of n-BusSnH. The reaction involved aradical cascade initiated
by addition of a thiyl radical onto the akyne moiety leading to 67 followed by an
intramolecular 1,5-hydrogen transfer, a 5-exo cyclisation of 68, and finally a reduction of the
cyclised radical 69 by thiophenol (Scheme 20).

SPh SPh PhS PhS
Il PhSH (2¢q) s L
C\ AIBN (2eq) O 1L5-HT 5-ex0

N N e N e N — N
t-BuOH, reflux COM COM
MeO,C CO,Me MeO,C CO,Me MeO,C CO,Me MeO,C “-2Ve MeO,C “~V2Vi€

66 L 67 68 69 ] 70

Scheme 20

It has been shown that using our therma methodology, oxime ethers 50 could be
converted in high yield in the corresponding dihydropyrroles 54. It was assumed therefore
that the process would be successful for the oxime ether analogue 76 which would be
converted to the dihydropyrrole 77. We postulated that these two intermediates might
constitute the key compounds in the syntheses of 3-methylhexahydro-1H-pyrrolizidine 82
and 3-methyloctahydroindolizidine 83. Selective reduction of the imine bond in the
dihydropyrrole rings would yield pyrrolidinyl esters 78 and 79. Subsequent intramolecular
nucleophilic substitution and reduction with LiAlH,4 should yield the desired pyrrolizidine 82
and indolizidine 83 (Scheme 21).
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Scheme 21

Our synthetic process started with the preparation of the acid chlorides 73 and 74.
Reaction of mono-methyl succinate and mono-methyl glutarate with oxalyl chloride and a
catalytic amount of N,N-dimethylformamide afforded 73 and 74 respectively in excellent
yields. Subsequent addition of but-3-enylmagnesium bromide in the presence of a catalytic
amount of Fe(acac)s gave the unsaturated ketones 49 and 75 which were converted to the
oxime ethers 50 and 76, by condensation with O-phenylhydroxylamine HCI, in 75% and 78%
yield respectively. These precursors were submitted to microwave irradiation in the optimal
conditions and methyl 3-(2-methyl-3,4-dihydro-2H-pyrrol-5-yl)propanoate 54 and the
analogue 3-(2-methyl-3,4-dihydro-2H-pyrrol-5-yl)butanoate 77 were isolated in 78 % and 82
% yield respectively (Scheme 22).

o}
0
MGOM (©ocy) MeOM /\/\MgBr MeO _
n OH DMF DCM Fe(acac)g

o o}
THF, -78°C
n=171 n=1 73; %4 % n=1 49; 2%
n=2 72 n=2 74; 2% n=2 75; 68%
PhONH,HCI
Pyridine
PhO..
N MW |N
MeO ' -« MeO _
n Toluene,emi mPF n
160°C. 15 min. 0
n=1 54; 78% n=1 50: 75%
Scheme 22
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The next step in our proposed approach was the selective reduction of the imine bond
in the dihydropyrrole rings to yield pyrrolidine esters. Severa attempts to reduce selectively
the cyclic imine 54 were carried out. In practise reaction with NaBH,, NaBH3CN, and
NaBH(OACc); in several conditions al gave mixtures of 78 and alcohol 84 from the
unexpected reduction of both the ester and imine groups. To overcome this problem
dihydropyrrole 54 was treated with LiAIH,4 in THF for complete reduction of the imine and
ester to cleanly give pyrrolidine 84 (Scheme 23).

+
"eO | _ MO HO

Reduction Conditions o
0 78 84
54

1) NaBH,, EtOH 1) 43 % 1) 35 %
0 (1]

2) NaBH(OAG)3 AcOH, CH;CN, 1t 2) 559 2 3%

3) NaBH;CN, AcOH, DCM, 0°C 3) 62 % 3) 30%

4) LiAIH,, THF, rt 4) - 4) 94 %

Scheme 23

Ring closure of 3-(5-methylpyrrolidin-2-yl)propan-1-ol 84 was first attempted via the
mesylate.?” However, it was found that treatment of 84 with MeSO,CI/EtsN in DCM did not
afford the pyrrolizidine 82 via a Sy2 displacement of the mesylate formed in situ. The
reaction led to the dimesylate pyrrolidine 85 from conversion of both the alcohol and the
amine (Scheme 24).

MsCl, Et;N
MsO. DCM HO

85 84
Scheme 24

An dternative, Appel’s hydroxyl activation protocol, which has worked for other
pyrrolizidine derivatives,® was therefore tried. Surprisingly, however, when amine 84 was
treated with PPhg, CCl, and EtzN in DCM, the main isolated product was found to be 2-(but-

3-enyl)pyrrolidine. A mechanistic rationale of this result is shown in Scheme 25.

r s NEt; 7
@0 e o N /
HN PPh; CCly Et;N PhaP~ HN -Ph;PO
HO S 2 NO >
DCM, RT Cl 26 %
84 - 87 88 - 89

Scheme 25 74
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The alcohol side-chain is likely to react with the phosphonium chloride to yield
alkoxy-triphenyl phosphonium intermediate 87.% Intramolecular nucleophilic displacement of
the phosphonium group will generate pyrrolizidinyl-ammonium ion 88. This intermediate
will be susceptible to Hofmann type eliminations, promoted by the triethylamine base. In
keeping with the Hofmann rule, one of the methyl H-atoms will be selectively removed by
the base, rather than any of the secondary ring p-H atoms, to yield the |east stable alkene 89.

2.2.3 Potential syntheses of tetrahydropyridines via 6-exo cyclisations.

In principle, tetrahydropyridines might be obtained from 6-exo ring closures of
hexenyl-imines. To test this process, 1-phenylhex-5-en-1-one 90 was prepared by alkylation
of acetophenone with 4-bromobut-1-ene using KH as base in the presence of EtsB in THF.
The ketone was isolated in a useful 53 % vyield. The condensation with O-
phenylhydroxylamine HCI in pyridine afforded the desired oxime ether intermediate 91 in 66

% yield (Scheme 26).
PhOmlN
Z B PHONHHCI
KH, Et;B, THF yrldme
91

53 % 66 %

Scheme 26

This O-phenyl oxime ether of 1-phenylhex-5-en-1-one was examined as a model
compound for this process. Microwave irradiation of this precursor in toluene, followed by
the usua workup, gave phenol, 1-phenylhex-5-en-1-one 90 and 1-phenylhex-5-en-1-imine
95, together with severa minor compounds. The ketone was almost certainly produced from
in situ hydrolysis of the corresponding imine. The main reaction was therefore ssmply H-
atom abstraction by the iminyl radical from the solvent and 6-exo-cyclisation was too slow to

complete (Scheme 27).
PhO | |
wN . N
MW 6-exo
160°C. 15 min.
91 92 93 94
i H-abstraction
| |

NH 0
hydrolysis
—_—

95 90
Scheme 27 75



Microwave Assisted Generation of Iminyl Radicals, Syntheses of N-Heterocycles. Chapter 2

2.3 Iminyl radical addition to alkynes.

Iminyl radical cyclisation onto triple bonds has been scarcely investigated.®
Cyclisation proceeds by the exo pathway to give the smaller ring. Intramolecular additions

onto akynes are slower than for alkenes because aless stable vinyl radical is generated.
2.3.1 Syntheses of cyclohexylmethyl-5-methyl-1H-pyrrole via 5-exo cyclisation.

The O-phenyl oxime of cyclohexylhex-5-yn-2-one 96 was chosen as a precursor to
probe the effectiveness of the alkyne group as an acceptor for iminyl radical cyclisations.
Compound 96 was prepared by ruthenium catalyzed conjugate addition of ethynyl
cyclohexane to methyl vinyl ketone using the method of Kim and co-workers,* followed by
standard O-phenyl oxime conversion. Microwave irradiation of 97 in toluene at 160 °C for 15
minutes gave pyrrole 101 in 72 % yield. Vinyl radical 99 formed by 5-exo ring closure of the
iminyl radical, was expected to rapidly abstract an H-atom from the solvent to produce 100.
However, under the microwave conditions, it appears that two 1,3-proton migrations
converted 100 to 101, the aromaticity of this product ensuring this was a rapid and complete

rearrangement (Scheme 28).

i \\v [RuCl(p-cymens)] i
u -Cymene)
H‘\ . e 2 _PhONH,HCI S
| Pyrrolidine, Benzene Pyri dlne N
60°C, 12 h. 97
M

Toluene,emi mPF
160°C. 15 min.

“ N / PhM e
~ s %
101

100

Scheme 28

2.3.2 Potential syntheses of 3-Cyclohexylisoquinoline.

O-Phenyl oxime ether 104, with an akynylaryl skeleton, was prepared by
Sonogashira Pd-catalyzed coupling® of 2-bromobenzaldehyde with ethynylcyclohexane to
yield 2-(cyclohexylethynyl)benzaldehyde 103 followed by condensation with O-
phenylhydroxylamine hydrochloride. It was postulated that microwave irradiation of 104 in
toluene would release iminyl radical 105. The architecture of 105 may favour ring closure
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onto the triple bond in the 6-endo trig mode giving the aryl radical 106. Hydrogen abstraction
from the toluene solvent should then furnish isoquinoline 107. Disappointingly, microwave
irradiation of 104 in toluene led to a complex mixture of products including the imine 108a,
its hydrolysis product 108b, and trace amounts of the corresponding nitrile. In this case
neither 6-endo nor 5-exo ring closure was fast enough to compete successfully with H-atom
abstraction from solvent, and other side reactions. It may be due to the distance between the
iminyl radical and the alkyne acceptor, as can be appreciated in the geometrical optimization
of phenyl oxime ether 104 with MM2 (Scheme 29).

Br % Z Z
@ PhONH,HCI
—_— —_——
2O 294 PACL,(PPhs),. 2O Ppyridine ZNeopp
1% Cul, EtsN -

102 50°C. 4 h. 103 104
86 % 70 % .
Toluene,emimPFg
l 160°C. 15 min.
—
. P =
A - X 6-endo = ) I CX
~N _N -— _ N‘ —
X=0,NH
107 = 106 105 - 108a x=0
108b x =NH

Scheme 29

2.3.3 Potential intermolecular addition onto alkynes.

It was also postulated that iminyl radicals generated using our thermal methodology
could undergo intermolecular addition to akynes. Tri-substituted quinoline 111 could be
prepared by microwave irradiation of oxime ether 109 in the presence of ten equivalents of
diphenyl acetylene 110 in the optimal reaction conditions (Scheme 30). The big excess of the
radical acceptor was used because the intermolecular addition process would be much slower
than intramolecular cyclisation. The iminyl radical would undergo addition to the triple bond
affording the highly reactive vinyl radical 113. This vinyl radical might yield an homolytic
aromatic substitution onto the phenyl ring generating cyclohexadienyl radical 114. After an
oxidative process, quinoline 111 should be formed. Disappointingly, none of the desired
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product could be isolated. The NMR spectrum of the total reaction mixture showed an

intractable mixture of products. It may be due to a polymerization process.

Ph

MeO X Ph
PhONHzHCl | | MW
—X _N
Pyrldlne OPh tBuPh,emimPFg
60 % 160°C. 30 min. OMe
109 111
T Ph
MeO H X Ph
| | — N ~N
OMe OMe OMe
112 1 1 0 113 114

Scheme 30

2.4 Iminyl radical addition onto phenyl rings.

Addition of iminyl radical onto phenyl groups constitutes an attractive strategy for the
synthesis of a wide range of nitrogen heterocycles. There are no kinetic data of the
intramolecular iminyl radical cyclisation onto aromatic rings, but it is supposed to be a bit
slower than addition to an alkene. This is because of the greater stability of the aromatic n
system which is destroyed on addition of a radical. After addition of an iminyl radical, a
cyclohexadienyl radical would be formed. These cyclohexadienyl radicals may react to
regenerate the aromatic ring by expulsion of the initial radical or by formally losing a
hydrogen atom. The cyclohexadienyl radical is believed not to simply lose a hydrogen atom
because the C-H bond is relatively strong. The hydrogen atom may be abstracted by another
radical or, aternatively, the radical could be oxidized to form a cation which could then lose
a proton. Non-H-atom donor solvents were therefore required to facilitate this oxidative

process.*

2.4.1 Syntheses of quinolines via 6-endo intramolecular cyclisations.

The quinoline ring system is an important target in synthetic chemistry. It is found in
alarge number of natural products, many of which have important biological activities (e.g.,
quinine, camptothecin).** Quinolines are integral to a large number of synthetic drug
substances with activities including antimalarial, antiinflammatory, antineoplastic, antifungal,
antiseptic, antiinfective, and analgesic properties®™ They aso find application in

agrochemicals and effect chemicals such as dyestuffs and corrosion inhibitors.*® The
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development of new methods for their synthesis is therefore an area of considerable ongoing

interest.®’

Canptothecin

Quinine

Figure 5

Quinolines were therefore interesting heterocyclics which could be achieved via our
microwave induced iminyl radical cyclisation methodology. The efficiency of this process
was tested in the preparation of six-membered rings from 6-endo cyclisation of appropriate
precursors. 3-Phenyl oxime ethers 117 and 118 were easily prepared from the corresponding
commercia carbonyl compounds 115 and 116. When subjected to microwave irradiation in
tert-butylbenzene as non-H-atom donor solvent and including emimPFg, 117 gave a 46 %
yield of the quinoline 119 and similarly 118 afforded tetrahydroacridine 120 in 51% yield.
For these and subsequent cyclisations onto aromatic acceptors an irradiation time of 30
minutes was adopted to ensure complete reaction. 6-Endo cyclisation of the initial iminyl
radical 121 and 122, will produce cyclohexadienyl radicals 123 and 124. Loss of an H-atom
will restore aromaticity to the benzo rings with the production of dihydroquinolines 125 and
126. The cyclohexadienyl H-atoms could be abstracted by phenoxyl radicals or other radicals
in the system, or possibly by electron transfer from 123/124 yielding the corresponding
cyclohexadienyl cations which then lose a proton. The latter seems unlikely in t-BuPh solvent
and in the absence of a good electron acceptor molecule. However, in both
dihydroquinolines, a further in situ dehydrogenation took place so that only the fully aromatic
quinolines 119 and 120 could be isolated after the microwave irradiation (Scheme 31).

OPh
©\Oj[Rl PhONH,HCI ©\Nj[Rl MW R @E“;\[Rl )
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116 b; RL.R>= -(CH,),- b; 118,69 % b; 120, 51 %
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The NMR spectrum of the total reaction mixture showed in both cases the presence of
the corresponding imine and its hydrolyzed carbonyl compound which proved the
competition between the homolytic aromatic substitution and the H-atom abstraction.
Especialy important was the presence of the nitrile derivative from 121 via § fragmentation

of theiminyl radical in the syntheses on the quinoline 119.

The possibility of preparing tetracyclic quinolines by using benzothiophene as the
support for the iminyl radical and acceptor was also examined. Thus, precursor 129 was
prepared from 3-bromobenzothiophene-2-carbaldehyde 128. The sequence started with the
Suzuki coupling of 127 with phenyl boronic acid in the presence of 0.2 % Pd(PPhs)4 and
Na,CO3.%® 3-Phenylbenzo[b]thiphene-2-carbal dehyde was isolated in 63 % yield. Subsequent
condensation with O-phenylhydroxylamine HCI gave oxime ether 129 in 76 % yield. On
irradiation with microwaves benzo[ b]thieno[ 2,3-c]quinoline 130 was isolated in a 53 % yield
(Scheme 32).

@p PhB(OH), ‘; PhONH,HCI ‘\z/ ~OPh  Mw
Pd(PPh ),.PhMe S Pyrldlne /BuPh.emimPFg

Na,CO5, EtOH 160°C. 15 min.
63 % 128 76 % 53 % 130

Scheme 32

2.4.2 Syntheses of phenanthridines via 6-endo intramolecular cyclisations.

The phenanthridine framework lies at the heart of a number of natural products
including the amaryllidaceae alkaloids such as the norchelerythrine® and trisphaeridine, and
the papaveraceae benzophenanthridine alkaloids such as the tubulin polymerization inhibitor
chelidonine™. These, and the closely related class of phenanthridones, are known to exhibit
diverse biologica activities, and thus present excellent targets for natural product scaffold-
based libraries (Figure 6).

(@)
I ¢
CorT e
oG < )

OMe L.
Norchelerythrine Trisphaeridine Chelidonine

Figure 6. Natural products containing a phenantridine core structure.
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It was postulated that our radical methodology could be applied for the syntheses of
several phenanthridines. In this case a phenyl ring, rather than benzothiophene, was used to
support a second aromatic acceptor next to the oxime ether group, i.e. situated ortho to each
other. In these systems the derived iminyl radicals are ideally placed for intramolecular
addition to the ring of the adjacent acceptor. An iminyl radical mediated route to derivatives
of phenanthridinesis shown in Scheme 33.

e
ZNeoph  BuPh, emimPF, O _N° _N N
131 132 133 134

160 °C, 30 min.

Scheme 33

Microwave irradiation of oxime ether 131 under the optimal conditions induced N-O
bond scission releasing iminyl radical 132. Homolytic aromatic substitution onto the phenyl
ring gave cyclohexadienyl radical 133. In the absence of H-atom donor solvent this

cyclohexadienyl radical oxidised yielding the azaheterocyclic phenanthridine 134.

To assess the scope of this cyclisation, a set of 2-formylbiphenyls 135-138 were
prepared by Pd-catalyzed coupling of 2-bromobenzaldehyde with various aromatic boronic
acids in yields ranging from 62 % to 71 %. They were converted to the corresponding O-
phenyl oximes by treatment with O-phenylhydroxylamine hydrochloride. Individual
precursors in t-BuPh, with emimPFg asionic liquid, were then irradiated with microwaves for
30 minutes. Using this methodology gave the parent phenanthridine 134 which was isolated
in 76 % yield along with phenol. The reaction was equally successful for precursors
containing electron-withdrawing substituents (Br, CN), which yielded 142 and 143, and for
precursor containing an electron-releasing substituent (OMe), which gave the 3-methoxy
derivative 144. The 3-bromo- and 3-cyanophenanthridines are convenient for further
functional group transformations (Scheme 34).

R R
~S .
Z PhMe, NayCOy- -0 pyrldme /Nwoph tBuPh,emimPFg =N

R 1 EtOH 160°C. 30 min.
135:R=H 71% 13L, R=H 72% 134:R=H 76%
136: R=Br 69% 139: R=Br 78% 142: R=Br 73%
137:R=CN 62% 140; R1=CN 74% 143; R'=CN 66%
138; R1=OMe 63 % 141; R'=0Me 70 % 144: R1=OMe62 %
Scheme 34
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Syntheses of oxime ethers 149 and 150 were also examined by following a similar
synthetic route. Disappointingly, the condensation reaction of O-PhONH,HCI in pyridine
with 1-(2-bromophenyl)ethanone and 2-bromophenyl(phenyl)methanone did not work at
room temperature for 24 hours. The condensation was aso carried out at room temperature
for 48 hours and at 50 °C for four hours but none of the oxime ethers 149, 150 was formed.
This unsuccessful reactivity may be due to steric hindrance between the phenyl group in the
ortho position, the methyl or the phenyl group from the respective ketones and the phenyl
hydroxylamine (Scheme 35).

Br PhB(OH), O O PhONH,HCI
S EEEEE—
O Pd(PPhy),PhMe o} Pyridine
R

R Na;CO3 EtOH

145; r =Me 147, R=Me 63%

146; R =Ph 148: R=Ph 58%
Scheme 35

2.4.2.1 Syntheses of benzo[k]phenanthridines.

Because of the biological significance of benzo-fused phenanthridine alkaloids,** we
decided to check if our methodology could be applied to the synthesis of benzo[k]-
phenanthridines. These compounds have recently been made by an anionic/aryne cyclisation
and in situ oxidation sequence starting from 2-bromonaphthy!-2-fluorophenylamine.*> Our
three-step preparative method is based on the naphthalene-containing precursor 152, which
was made by a Suzuki coupling from 1-bromo-2-naphthaldehyde 151 and phenylboronic
acid. Condensation with O-PhONH,HCI in pyridine afforded the oxime ether precursor.
Microwave irradiation of 153 under the standard conditions in t-BuPh enabled 154 to be
isolated in 64 % yield (Scheme 36).

% Br _ PhBOH), PhONHzHCl ‘i’
20 Pd(Pthh PhMe _0 Pyrldlne Negph Toluene .emimPFy =N

Na,CO; EtOH 160°C. 15 min.

69 % 77 % 64 %

152 153
Scheme 36

151 154
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2.4.2.2 Syntheses of Trisphaeridine alkaloid.

The Amaryllidaceae alkaloids are a group of natural products having in most cases a
phenanthridine-type structure. Trisphaeridine is one example of this group of akaloids that

has been isolated from a few plants of the Amaryllidaceae family.

In a similar way to that described above for the syntheses of substituted
phenanthridines, the natural product trisphaeridine 158 was prepared in three steps starting
from the commercial 6-bromopiperona 155, via the corresponding formyl 156 and oxime
ether 157 derivatives. A 70 % yield of 158 was obtained from microwave irradiation of 157
in t-BuPh (Scheme 37).

Br PhB(OH)z PhONHZHCI :‘3 :‘\/’
-0 Pd(PPh3)4PhMe o 29 pyridine _N Toluene .emimPFg _N

Na,CO; EtOH b 160°C. 30 min.
5% 77 % %
155 65 156 157 70 % 158

Scheme 37

Previous syntheses have been accomplished viatributyltin hydride induced cyclisation
of N-(2-bromobenzyl)aniline,” via the internal Pd-catalyzed aryl-aryl coupling reaction of
MOM protected halo amides, followed by reduction with LiAIH,; and treatment with
hydrochloric acid,** and by Pd[0]-mediated Ullmann cross-coupling of 1-bromo-2-

nitrobenzene with 6-bromopiperonal .*

2.4.3 Syntheses of benzonaphthyridines via 6-endo intramolecular cyclisations.

Benzonaphthyridine derivatives are of specia interest in drug discovery because they
have been extensively studied as potential agents to modulate the activity of the centrad
nervous system. Benzonaphthyridine analogs are also known as antagonists of 5-HT4
receptors,*® antitumor agents,*’ potential antimalarials,”® R-adrenoreceptor blockers,*® PKC

inhibitors,™ and cancer cell growth inhibitors.>*

A simple extension of the method employed in the syntheses of trisphaeridine
appeared to offer aroute to benzo[c][1,7]naphthiridine derivatives 162. The sequence started
with Pd-catalyzed coupling of 6-bromopiperonal, with pyridin-4-ylboronic acid 159 to give
formyl derivative 160, which was then transformed to the O-phenyl oxime ether 161 in good
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yield. However, when the latter was subjected to microwave irradiation, none of the desired
benzonaphthiridine 162 was formed. Instead, a mixture of imine 163 and its hydrolysis
product 164 was obtained. This result suggested that ring closure of intermediate iminyl
radical 165 onto the pyridine ring was slower than cyclisation onto the phenyl ring and

unable to compete with H-atom abstraction from other reaction components (Scheme 38) .

(HO)zB 7 N
;
I:(/ 159 PhON PONHHG
O Pd(PPhy),,,Phivic PhMe Pyri “Pvridine N tBuF’n emlmPF6 _N

Na,CO, EtOH 160°C. 30 min.

% 1%
155 56 % 160 ’ 161

o ol =

Scheme 38

Reports of ring closure of C-centred radicals onto pyridine rings are comparatively
rare, and the reaction is usualy low yielding in comparison with ring closure onto
pyridinium salts.>**® Iminyl radicals are expected to be electrophilic in comparison with C-
centred radicals, and therefore their even slower cyclisation onto pyridine, due to an

unfavourable polar effect with the ring N-atom, makes reasonabl e sense.

The methodology was, however, readily adapted for preparations of
benzo[ h][1,6] naphthiridines by using pyridine as the basal support for the aromatic acceptor
and iminyl radical. 2-Bromonicotinaldehyde 167 underwent Suzuki couplings with phenyl
boronic acids to afford 2-aryl-3-formyl-pyridine derivatives 168-170, which were smoothly
converted to the corresponding oxime ethers 171-173. On irradiation of 171 with microwaves
in the usual way a very satisfactory yield of benzo[h][1,6]naphthiridine 174 was obtained.
The results from the precursors with CN and Br substituents showed that
benzo[h][1,6]naphthiridine containing useful functionality in the 8-position 175 and 176,
could easily be accessed (Scheme 39).
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Scheme 39

Figure 7 shows the X-Ray crystal structure of the phenyl oxime ether 171. The E
configuration of 171 is presumably the most stable configuration, minimizing the interaction

between the different aryl rings.

Figure 7. X-ray structure of O-phenyl oxime
ether 171.

A few benzo[h]naphthyridine derivatives have been reported in the literature,® but

interestingly none appear to be commercially available.

2.5 Iminyl radical addition onto indoles.

Intramolecular addition of iminyl radicals onto phenyl groups proved to be a very
efficient method in the syntheses of aza-heteropolycyclic compounds. Fully aromatic
products are obtained after the oxidation of the initially formed cyclohexadienyl radical. In
this context, cyclisations of aryl and alkyl radicals upon heteroaromatic substrates such as
azoles,”” indoles™ or pyridines® have become increasingly important for the synthesis of
otherwise quite inaccessible substituted heterocycles. However, similar processes involving
iminyl radicals, which have a high synthetic potential due to their intrinsic functionalization,

have scarcely been investigated.®
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Knowing that indoles are privileged and highly interesting heterocyclic rings in
medicinal chemistry, it was decided to study the iminyl radical addition onto indoles, as a

source of indolopyridines, a highly interesting core in the pharmaceutical industry.

2.5.1 Syntheses of indolopyridines via 6-endo intramolecular cyclisations.

In recent years pyrido[2,3-b]indoles (a-carbolines) have received renewed interest due
to their biological activity as antiviral and antitumor agents that function by the formation of
intercalation complexes with DNA or the inhibition of topoisomerase 11.°* Anxiolytic,
antiinflammatory, and CNS stimulating activity has also been reported.®> Some natural
products contain this tricyclic core as grossularines and neocryptolepine (Figure 8). 3 R-
Carbolines have also been detected in the products from the pyrolysis of protein containing
food products and cigarette smoke.*

OH
)
HN N
- — /
/
\ N \ Y/ N\
N N
H N
H
Pyrido[2,3-blindole Neocnptolepine Grossularine-2

Figure 8. Pyrido[2,3-b]indole and related natural products.

Our proposed pathway for the syntheses of indolopyridines making use of the iminyl
radical methodology described in this chapter, started with the syntheses of 4-(1H-indol-3-
yhbutan-2-one 179 and its analogue 4-(5-bromo-1H-indol-3-yl)butan-2-one 180 by ZrCl,
induced Michael addition of the corresponding indole 177 and 178 respectively with the vinyl
ketone shown. Subsequent condensation with O-phenylhydroxylamine HCI, afforded the
desired oxime ether precursors 181 and 182. Interestingly, microwave irradiation of these
oxime ethers in tBuPh in the optimal conditions yielded indolopyridine derivatives 183 and
184 in which both the acceptor ring and the pyridyl ring has become aromatic (Scheme 40).
6-Endo cyclisation was probably favoured in these example, because it generated resonance
stabilized benzyl type radicals, unlike the aternative 5-exo mode which would involve
formation of a strained spiro-C-atom.
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R N\
\ ZrCl4 \ o PhONHZHCl A\ N N
N DCM rt N Toluene -emimPFg E

Pyrldlne
160°C. 15 min.
177; R=H 179; R=H 92 % 181; R=H 68% 183; R=H 59 %
178; R=Br 180; R=Br 86 % 182; R=Br 73% 184; R=Br 47 %
Scheme 40

2.5.2 Formal syntheses of neocryptolepine.

An analogous sequence was designed for the preparation of the natural product
neocryptolepine. Neocryptolepine is the minor akaloid of the African plant Cryptolepis
Sanguinolenta and it has proved to posess in vitro antimalaria activity and reduced
cytotoxicity compared with related natural products such as cryptolepine.** The indol oketone
187 was obtained in 78 % yield from reaction of gramine 185 with 1-cyclohexenylpyrrolidine
186 in 1,4-dioxane at reflux temperature for 5 hours. Conversion to the corresponding O-
phenyl oxime ether 188 was accomplished in 70 % yield. Microwave irradiation of 188 in t-
BuPh afforded tetrahydroindolo[2,3-b]quinoline 189 in 69 % yield (Scheme 41). As with
several previous products of these microwave-mediated reactions, a second in situ
dehydrogenation step rendered the newly formed pyridine ring aromatic.
Tetrahydroindolo[ 2,3-b]quinoline 189 is a known compound and has previously been
converted to neocryptolepine in two steps by dehydrogenation/aromatization with DDQ
followed by methylation with methyl sulphate® Thus, overall, the sequence represents a

formal synthesis of neocryptolepine 190 in five steps from gramine.

NMez [ @ W
186 _ \ ¢ PhONH,HCI N N N\
N Pyrldlne N OPh {BuPh.emimPr, emlmPF6 N

A\
1 4-Dioxane
H reflux H 160°C. 15 min. H
0 0 69 %
185 8% 187 0% 188 o
Scheme 41
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3.0 Conclusions.

It has been shown that O-phenyl oximes are excellent precursors for a variety of
iminyl radicals. The oximes are easily made in one step from carbonyl compounds and can be
stored indefinitely. Their microwave-assisted reactions have severa advantages over existing
methods for N-heterocycle preparations. Reactions are rapid (< 30 minutes), require no acids,
bases, or toxic metas, and are comparatively mild and high-yielding. Unlike many other
radical-mediated synthetic methods, no initiator is needed and hence no by-products from
initiator fragments contaminate the system. Comparatively few microwave-assisted synthetic
methods, based around radical intermediates, are known.

Dihydropyrroles can be made in good yields from O-phenyl oximes containing pent-
4-ene acceptors. However, the analogous process with a hex-5-enyl acceptor did not yield a
dihydropyridine, probably because the 6-exo-trig iminyl radical ring closure was too slow to
compete with H-atom abstraction. Reduction of dihydropyrrole 54 gave 2-(5-
methylpyrrolidin-2-yl)ethanol 84, which seemed suitable for conversion to a pyrrolizidine. In
practice, treatment of 84 under Appel type conditions yielded only 2-(but-3-enyl)pyrrolidine
89. It is probable that this results from base attack on the 5-methyl group of the
pyrrolizidinyl-ammonium ion intermediate in a Hofmann elimination. If this explanation is

correct, similar eliminations can be expected for other 5-alkyl-substituted anal ogues.

Intramolecular addition of iminyl radicad 98 onto akynes afforded 2-
cyclohexylmethyl-5-methyl-1H-pyrrole 101 in good yield after rearomatization of the
dihydropyrrole 100. The intramolecular addition of iminyl radical onto an alkyne in the
alkynylaryl skeleton 105 to yield isoquinoline 107 was a so studied. Disappointingly, only the
reduced imine and its hydrolyzed product could be isolated. Intermolecular addition onto an
alkyne was also attempted but none of the desired addition product was found.

Suitably substituted iminyl radicals ring closed readily onto aromatic acceptors, thus
enabling several N-heterocyclic systems to be accessed. The favoured mode of cyclisation
was 6-endo in this case because this generated resonance-stabilized cyclohexadienyl (or
analogous) radicals. Quinoline was made from 3-phenylpropanone via the O-phenyl oxime; a
process with obvious further scope. Syntheses of phenanthridines starting from 2-
formylbiphenyls were particularly efficient and this approach enabled the natural product
trisphaeridine to be made. Starting from 2-phenylnicotinaldehyde, and derivatives, ring
closures of the derived iminyl radicas onto the phenyl rings vyielded
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benzo[h][1,6] naphthyridines. Similarly, ring closure onto a phenyl ring from benzothiophene
based iminyl yielded benzo[b]thieno[2,3-c]quinoline, It was found that the analogous iminyl
ring closure onto pyridine rings did not compete with other reactions of the iminyl radical.

It was evident that iminyl ring closure onto a phenyl ring occurs readily, although the
lower yield of benzo[b]thieno[2,3-c]quinoline compared with phenanthridines and
benzo[h][1,6] naphthyridines may indicate it was dlightly more difficult with the architecture
of oxime ether 129 because of the larger bond angles of the adjacent iminyl and phenyl

groups on the 5-membered ring as compared with a six-membered ring.

i“ji@
~OPh |
O AN/ Pz /NMOPh
S
129 171

Figure 9. Geometry optimization of O-phenyl oximes 129 and 171 with MM2.,

However, iminyl radical closure onto indoles enabled indolopyridines to be prepared.
This latter route was exploited in a short formal synthesis of neocryptolepine starting from 2-

((1H-indol-3-yl)methyl)cyclohexanone.

It is clear that microwave-assisted reactions of O-phenyl oximes are very promising as

fast, clean and flexible routes to many biologically active compounds.
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4.0 Experimental.

I nstrumentation and General Techniques.

1. NMR Spectroscopy:

'H-NMR: Routine spectra were obtained a 400 MHz on a Bruker Avance Il 400 MHz or a
Bruker Avance 300 MHz.

3C-NMR: Spectrawere obtained on a 75 MHz Bruker Avance 300.

Both the 'H-NMR and **C-NMR spectra were obtained from solutions in CDCl3
unless otherwise stated. All spectra were referenced to internal tetramethylsilane and the
chemical shifts for all NMR spectra are expressed in parts per millions to high frequency of

the reference.
2. Infrared spectroscopy.

The IR spectra were obtained on a Perkin EImer FT-IR Paragon 1000 spectrometer.

Solid were run as nujol mulls and liquids were run as thin films on NaCl plates.
3. Mass Spectroscopy.

Low resolution and high-resolution (HR) mass spectral anaysis (El and Cl) were
recorded using a VG AUTOSPEC mass spectrometer or a Micromass GCT (Time-ofFlight),
high performance, orthogona acceleration spectrometer coupled to an Agilent Technologies
6890N GC system. Electrospray mass spectrometry (ESMS) was recorded on a high
performance orthogonal acceleration reflecting TOF mass spectrometer, coupled to a Waters
2975 HPLC.

4. GC/IMS.

GC/MS analyses were run on a Finnigan Incos 50 quadrupole instrument coupled to a
Hewlett Packard HP 5890 chromatograph fitted with a 25 m HP 17 capillary column (50 %
phenyl methyl silicone).

5. Mélting points.

Routine melting points were carried out on a Gallenkamp melting point apparatus. All
melting points are uncorrected.
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6. Chromatography.

TLC was carried out using either Polygram silica plates (0.2 mm with 254 nm
fluorescent dye) or Fluka alumina plates (0.2 mm with 254 nm fluorescent dye). The
components were observed under ultraviolet light (254 nm/ 365 nm) and stained with
ninhydrin (1-2 5 in EtOH) or KMnO, aqueous solution. Column chromatography was
performed using silica gel (40-63 um, Fluorochem).

7. Reagents and solvents.

Diethyl ether and THF were freshly distilled from sodium benzophenone ketyl. Dry
pyridine was freshly dried over CaH,. Other organic compounds were used as received,
without further drying. Organic solutions were dried by standing over anhydrous magnesium
sulphate. Solvents were evaporated under reduced pressure on a rotary evaporator. Nitrogen
gas was dried (NaOH, CaCl,, 4 A molecular sieve) prior to use.

8. UV Photolysis.

Ultra violet irradiation was carried out in quartz apparatus using 400 W medium

pressure Hg lamp.
9. X-Ray crystallography.

Data were collected on a Bruker SMART diffractometer with graphite-
monochromated Mo-Ka radiation (A = 0.71073 A). The structures were solved by direc
methods and refined using full-matrix least squares methods. Atomic coordinates and bond

lengths and angles are listed in the Appendix and the structures are shown in the discussion.
10. ESR spectroscopy.

ESR spectra were obtained with a Bruker EMS 10/12 spectometer operating at 9.5
GHz with 100 KHz modulation. Irradiation of samples was carried out in aresonant cavity by
unfiltered light from a 500 W super pressure Hg arc.
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M ethyl 4-oxooct-7-enoate 49.

3-Butenylmagnesium bromide (0.5 M in THF 59.9 mL, 34.8 mmol) was added dropwise to a
stirred solution of methyl 4-chloro-4-oxobutanoate (4.5 g, 29.0 mmol) and iron (1)
acetylacetonate (0.3 g, 0.87 mmol) at -78°C under nitrogen. After complete addition and
stirring for 15 min at that temperature, the reaction was quenched with NH,Cl solution (20
mL) and extracted with diethyl ether (3 x 20 mL).The combined organic layers were dried
over MgSO,, the solvent was evaporated and the residue was purified by flash
chromatography on silica (hexane/EtOAc 10/1) providing the title compound as an orange oil
(3.8, 77 %). *H NMR (400MHz, CDCls), 6y; 2.35 (2H, g, J = 7.1 Hz, CHy), 2.5-2.6 (4H, m,
CHy), 2.72 (2H, t, J = 6.5 Hz, CHy), 3.65 (3H, s, CH3), 5.01 (2H, m, CH,), 5.31 (1H,m, CH);
13C NMR (CDCls) d¢; 27.7, 31.3, 37.1, 41.8 (CH,), 51.8 (CHs), 115.3 (CH,), 137.0 (CH),
173.3, 208.1(C) ); IR 3054, 1738, 1703, 1616 cm™.

M ethyl 4-(phenoxyimino)oct-7-enoate 50.

O-Phenylhydroxylamine hydrochloride (1 g, 6.41 mmol) was dissolved in anhydrous pyridine
(20.0 mL) under N, at room temperature, and methyl 4-oxooct-7-enoate (1.1 g, 6.41 mmol)
was added in one portion. The resulting solution was stirred at room temperature overnight,
and the progress of the reaction was monitored by TLC (EtOAc/hexane, 1:2). Upon
completion, the reaction mixture was poured into water (20 mL) and extracted with EtOAc (3
x 10 mL), and the combined organic phases were washed several times with saturated,
agueous CuSQO, solution to remove any traces of pyridine. The solution was then dried over
MgSO, and concentrated under reduced pressure. The residue was purified by column
chromatography (5% EtOAc/hexane) giving the named product as ared oil (146 mg, 75 %);
two isomers (2:3) *H NMR (400 MHz, CDCls), dy; 2.34-2.84 (8H, m, CH,), 3.73/3.74 (3H, s,
CHs), 5.12 (2H, m, CH,), 5.89 (1H, m, CH), 6.99-7.41 (5H, m, CH); *C NMR dc; 24.7/29.0,
29.7/29.8, 29.9/30.1, 30.3/34.0 (CH,), 51.7/51.9 (CH3), 114.4/114.7 (CH)x2, 115.8 (CH,),
121.8/122.0 (CH), 129.2/129.3 (CH)x2, 137.1/137.2 (CH), 159.3/159.4, 161.8/162.2,
173.3/173.3 (C); IR 3075, 1736, 1590, 1488 cm™; HRMS (CI*) calcd for CisHzoNOs;
262.1443. Found: 262.1447.
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Methyl 3-(2-methyl-3,4-dihydro-2H-pyrrol-5-yl)propanoate 54.

Methyl 4-(phenoxyimino)oct-7-enoate (500 mg, 1.91 mmol) was dissolved in toluene (12
mL, 0.15 M) in a microwave vessel (10-20 mL) and emimPF; (490 mg, 1.91 mmol) was
added. The vessel was sealed and subjected to microwave irradiation for 15 min at 160 °C in
a Biotage Initiator system. After cooling, the ionic liquid was filtered off and the toluene was
removed under reduced pressure. The residue was purified by flash column chromatography
(5 % EtOAc/hexane) affording 54 as a yellow oil (252 mg, 78 %); *H NMR (400 MHz,
CDCl3), dy; 1.14 (3H, d, J = 6.7 Hz, CH3), 1.32 (1H, m, CH,), 2.01 (1H, m, CH,), 2.33-2.68
(6H, m, CHy), 3.61 (3H, s, CH3), 3.98 (1H, m, CH); *C NMR Jc; 22.0 (CH3), 28.5 (CHy),
30.5 (CH»x2), 37.9 (CH,), 51.7 (CHs), 67.8 (CH), 173.6, 175.0 (C); IR 1735, 1644 cm™;
HRMS (CI") caled for CoH16NO»; 170.1181. Found: 170.1186.

Procedure A. General procedurefor preparation of O-phenyl oximes.

O-Phenylhydroxylamine hydrochloride (100 mg, 0.75 mmol) was dissolved in anhydrous
pyridine (8.0 mL) under N, at room temperature, and the carbonyl compound (0.75 mmol)
was added in one portion. The resulting solution was stirred at room temperature overnight,
and the progress of the reaction was monitored by TLC (EtOAc/hexane, 1:2). Upon
completion, the reaction mixture was poured into water (8 mL) and extracted with EtOAc (3
x 10 mL), and the combined organic phases were washed several times with saturated,
agueous CuSQO, solution to remove any traces of pyridine. The solution was then dried over
MgSO, and concentrated under reduced pressure. The residue was purified by column
chromatography (5% EtOAc/hexane).

(5E)-6,10-Dimethylundeca-5,9-dien-2-one O-phenyl oxime 56.

From 6,10-dimethylundeca-5,9-dien-2-one (145 mg, 0.75 mmol), following procedure A.
Red oil (151 mg, 71%); two isomers; *H NMR (400 MHz, CDCl3), dy; 1.50-1.78 (12H, m,
CHs), 2.08 (4H, m, CH,), 2.32 (4H, m, CH,), 5.12 (1H, m, CH), 5.19 (1H, m, CH), 6.98 (1H,
J = 7.3 Hz, CH), 7.21 (2H, m, CH), 7.31 (2H, m, CH); °C NMR d¢; 11.3/14.1, 20.4, 23.1
(CHa), 24.2/24.3 (CH,), 25.3 (CHa), 26.7, 30.0/30.2, 40.0 (CH,), 115.0 (CHx2), 122.0, 123.1,
124.3, 129.8 (CHx2), 131.3, 136.5, 159.8, 161.5/161.8 (C) ; IR 2965, 1590, 1488 cm'*;
HRMS (CI") caled for CigH2gNO: 286.2171. Found: 286.2177.
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Procedure B. General procedurefor microwave-induced reactions of O-phenyl oximes.

The O-phenyl oxime (100 mg) and emimPF,4 (1 equiv.) were dissolved in toluene (0.15 M) in
a microwave vessel (2-5 mL). The vessel was sealed and subjected to microwave irradiation
for 15 min at 160 °C in a Biotage Initiator system. After cooling the ionic liquid was filtered
off and the toluene was removed under reduced pressure. The residue was purified by flash

column chromatography (5 % EtOAc/hexane).

5-M ethyl-2-(6-methylhept-5-en-2-yl)-3,4-dihydr o-2H-pyrrole 57.

From (5E)-6,10-dimethylundeca-5,9-dien-2-one O-phenyl oxime (100 mg, 0.35 mmoal),
following procedure B. Yellow oil (47 mg, 70 %); *H NMR (400 MHz, CDCls), d; 0.71/0.89
(3H, d, J = 6.8 Hz, CH3), 1.09 (1H, m, CH), 1.32-1.54 (2H, m, CHy), 1.53 (3H, s, CH3), 1.60
(3H, s, CH3), 1.78-1.92 (2H, m, CHy), 1.95 (3H, s, CH3), 2.05 (2H, m, CH,), 2.36 (2H, m,
CHy), 3.80 (1H, m, CH), 5.04 (1H, m, CH); *C NMR éc; 14.6/16.3, 17.7, 19.7 (CH3), 24.5
(CHy), 25.7 (CH3), 25.8/26.2, 32.9/34.3 (CH,), 37.1/37.8 (CH), 39.1/39.2 (CHy), 77.3/77.9,
124.8/124.9 (CH), 131.4, 174.0 (C); IR 2964, 1652 cm™; HRMS (CI") caled for CisHauN;
194.1909. Found: 194.19009.

1-(4-methoxyphenyl)pent-4-en-1-one 60.%°

A solution of 1-(4-methoxyphenyl)ethanone (1 g, 6.7 mmol) in dry THF (5 mL) was added
dropwise over 10 min to a suspension of potassium hydride (0.32 g, 8 mmoal,) in dry THF (30
mL) at 0 "C under N,. The yellow suspension was stirred at 23 °C for 30 min and BEt; (8 ml
0.1 M. in THF, 8 mmol) was added dropwise a 15 °C over 15 min. After stirring the
resulting clear solution at 23°C for 15 min, alyl bromide (1.23 g, 10 mmol,) was added
dropwise over 10 min and the resulting suspension was stirred for 4 h at 23 °C and quenched
with a 1:1 mixture of 30 % NaOH and 30 % H,0, (15 mL) at 0°C over 15 min. The reaction
mixture was then diluted with H,O (30 mL), the layers were separated and the organic layer
diluted with Et,O (80 mL) and washed with water (2 x 30 mL). The combined water layers
were extracted with CH.Cl, (2 x 30 mL) and the combined organic layers were dried over
MgSO, and the solvents were removed under reduced pressure. The isolated product was

purified by column chromatography (AcOEt/hexane 1:30) to afford the named product as a
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colourless il (0.9 g, 79 %). *H NMR (400MHz,CDCls), dy; 2.46-2.54 (2H, m, CHy), 3.06-
3.11 (2H, m, CHy), 4.99-5.13 (2H, m, CH,), 5.84-5.98 (1H, m, CH), 7.43-7.59 (3H, m, CH),
7.97 (2H, d, J= 7.2 Hz, CH); *C NMR Jc; 28.2 (CH,), 37.8 (CH,), 115.2 (CH,), 127.9
(CH)x2, 128.4 (CH)x2, 132.9 (CH), 136.8 (C), 137.1 (CH), 199.1 (C). IR 3067, 2977, 2855,
1820, 1687 cm'™.

1-(2,4-Dimethoxyphenyl)pent-4-en-1-one 61.

A solution of 1-(1,4-dimethoxyphenyl)ethanone (2 g, 11 mmol) in dry THF (10 mL) was
added dropwise over 10 min to a suspension of potassium hydride (0.53 g, 13 mmol) in dry
THF (25 mL) at 0°C under N,. The yellow suspension was stirred at 23°C for 30 min and
BEt; (1M solution in THF, 13 mL, 13 mmol) was added dropwise at 15°C over 15 min. After
stirring the solution at 23 °C for 15 min, alyl bromide (1.99 g, 16.5 mmol) was added
dropwise over 10 min and the resulting suspension was stirred for 4 h at 23 °C and quenched
with a 1:1 mixture of 30 % NaOH and 30 % H,0, (15 mL) at 0 °C over 15 min. The reaction
mixture was then diluted with H,O (20 mL), the layers were separated and the organic layer
diluted with Et,O (75 mL) and washed with water (2 x 30 mL). The combined water layers
were extracted with DCM (2 x 30 mL) and the combined organic layers were dried over
NaSO, and the solvent was removed under reduced pressure. The isolated product was
purified by column chromatography (AcOEt/hexane 5%) to afford 1-(24-
dimethoxyphenyl)pent-4-en-1-one as a colourless oil (1.86 g, 77 %). *H NMR (400 MHz,
CDCl3), dn; 2.35 (2H, g, J = 7.2 Hz, CH,), 2.97 (2H, t, J = 7.2 Hz, CH,), 3.77 (3H, s, CH3),
3.81 (3H, s, CH3), 4.95 (2H, m, CH,), 5.84 (1H, m, CH), 6.37 (1H, d, J = 2.3 Hz, CH), 6.44
(1H, dd, J = 8.7, 23 Hz, CH), 7.73 (1H, d, J = 8.7 Hz, CH); *C NMR Jc; 28.7, 43.0 (CH,),
55.7 (CH3)x2, 98.5, 105.2 (CH), 114.7 (CH,), 121.4 (C), 133.0, 138.3 (CH), 160.8, 164.4,
199.6 (C); IR 2942, 1664, 1575 cm™.

1-(4-M ethoxyphenyl)-4-en-1-one O-phenyl oxime 62.

From 1-(4-methoxyphenyl)pent-4-en-1-one (142 mg, 0.75 mmol), following procedure A.
Red oil (153.8 g, 73 %); two isomers (3:1). *H NMR (400 MHz, CDCl3), dy; 2.25 (2H, m,
CHy), 2.66/2.89 (2H, t, J= 8.2 Hz, CHy), 3.70 (3H, s, CH3), 4.93 (2H, m, CH,), 5.78 (1H, m
CH), 6.77-6.96 (3H, m, CH), 7.05-7.27 (4H, m, CH), 7.37/7.60 (2H, d, J = 8.8 Hz, CH); °C
NMR d¢; 25.5/29.7, 29.8/33.6 (CHy), 54.4 (CH3), 112.5/112.9 (CHx2), 113.7/113.7 (CHx2),
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114.3/114.4 (CHy), 120.8/120.9 (CH), 126.3 (C), 127.1/128.1 (CHx2), 128.2/128.8 (CHx2),
136.2 (CH), 158.5/158.6, 158.8/159.5, 159.1/159.8 (C); IR 3018, 1594, 1490 cm™; HRMS
(CI") caled for CigHooNO,; 282.1494. Found: 282.1497.

1-(2,4-Dimethoxyphenyl)pent-4-en-1-one O-phenyl oxime 63.

From 1-(2,4-dimethoxyphenyl)pent-4-en-1-one (165 mg, 0.75 mmoal), following procedure A.
Red oil (163 mg, 70 %); Two isomers (3:1). *H NMR (400 MHz, CDCls), 8y; 2.22 (2H, m,
CHy), 2.66/2.91 (2H, t, J = 8.0, CH,), 3.68/3.75 (3H, s, CH3), 3.76/3.78 (3H, s, CH3), 4.90
(2H, m, CH,), 5.76 (1H, m, CH), 6.43 (2H, m, CH), 6.85-7.26 (6H, m, CH); **C NMR 4c;
29.5/30.9, 30.6/35.0 (CHy), 56.0 (CH3x2), 99.2, 104.7 (CH), 115.4 (CHx2), 115.5 (CH)),
118.4 (C), 122.1-122.3 (CH), 129.5/129.6 (CHx2), 130.1/131.7 (CH), 138.1/138.3 (CH),
159.2, 160.0, 162.4, 163.7 (C); IR 3075, 1640, 1594, 1489 cm™; HRMS (ES") calcd for
CioH2:NOsNa: 334.1419. Found: 334.1411.

5-(4-M ethoxyphenyl)-2-methyl-3,4-dihydr o-2H-pyrrole 64.

From 1-(4-methoxyphenyl)-4-en-1-one O-phenyl oxime (100 mg, 0.355 mmol), following
procedure B. Red oil (45 mg, 68 %). *H NMR (400 MHz, CDCl3), dn; 1.28 (3H, d, J = 6.8,
CHa), 1.46 (1H, m, CH,), 2.15 (1H, m, CH,), 2.78 (1H, m, CH,), 2.96 (1H, m, CH,), 3.78
(3H, s, CHg), 4.20 (1H, m, CH), 6.83 (2H, d, J = 8.8 Hz, CH), 7.71 (2H, d, J = 8.8 Hz, CH);
BC NMR d¢; 22.2 (CHs), 30.7, 35.2 (CH,), 55.6 (CH3), 68.2 (CH), 113.8 (CHx2), 127.4 (C),
129.3 (CHx2), 161.2, 171.1 (C); IR 3268, 2923, 1684 cm™; HRMS (CI*) calcd for C1oH1sNO;
190.1232. Found 190.1238.

5-(2,4-Dimethoxyphenyl)-2-methyl-3,4-dihydr o-2H-pyrrole 65.

From 1-(2,4-dimethoxyphenyl)pent-4-en-1-one O-phenyl oxime (100 mg, 321 mmol),
following procedure B. Red il (54 mg, 77 %); *H NMR (400 MHz, CDCls), dy; 1.28 (3H, d,
J = 6.7 Hz, CH3), 1.44 (1H, m, CH,), 2.12 (1H, m, CH,), 2.88 (1H, m, CH,), 3.04 (1H, m,
CHy), 3.77 (3H, s, CH3), 3.78 (3H, s, CH3), 4.12 (1H, m, CH), 6.43 (2H, m, CH), 7.68 (1H,
d, J =85, CH); *C NMR d¢; 21.9 (CHs), 30.1, 38.1 (CH,), 55.5 (CH3x2), 66.4 (CH), 98.6,
105.1 (CH), 116.6 (C), 131.7 (CH), 159.0, 165.8, 172.3 (C); IR 3018, 2964, 1609 cm™;
HRMS (CI™) caled for CisH1gNO,; 220.1338. Found: 220.1337.
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Methyl 4-chlor o-4-oxobutanoate 73.

A solution of mono-methyl succinate (2 g, 15 mmol) in DCM (25 mL) and a catal ytic amount
of DMF (4 drops) was stirred at room temperature. Oxalyl chloride (3.85 g, 30 mmol) was
added dropwise at 0 °C. The mixture was stirred for 4 h at room temperature. The solvent
was removed under reduced pressure affording the methyl 4-chloro-4-oxobutanoate as a
yellow paste (2.15 g, 94 %). *H NMR (400 MHz, CDCls), dy; 2.62 (2H, t, J = 6.4 Hz, CH),),
3.16 (2H, t, J=6.4 Hz, CH,), 3.65 (3H, s, CH3).

M ethyl 5-chlor o-5-oxopentanoate 74.

A solution of mono-methyl glutarate (2 g, 14 mmol) in DCM (25 mL) and catalytic amount
of DMF (4 drops) was stirred at rt. Oxalyl chloride (3.45 g, 28 mmol) was added dropwise at
0 °C. The mixture was stirred for 4 h at rt. The solvent was removed under reduced pressure
affording the methyl 5-chloro-5-oxopentanoate as a yellow paste (1.93 g, 92 %). *H NMR
(400 MHz, CDCls), 64; 1.95 (2H, qt, J = 7.2 Hz, CH,), 2.34 (2H, t, J = 7.2 Hz, CH,), 2.94
(2H,t,J=7.2Hz, CH,), 3.64 (3H, s, CHy).

M ethyl 5-oxonon-8-enoate 75.%°

3-Butenylmagnesium bromide (0.5 M in THF, 69.6 mL, 34.8 mmol) was added dropwiseto a
stirred solution of methyl 5-chloro-5-oxopentanoate (3.0 g, 18.3 mmol) and iron (l11)
acetylacetonate (0.3g, 0.87 mmol) at -78°C under nitrogen. After complete addition stirring
was continued for 15 min at that temperature, the reaction was quenched with NH,4Cl solution
(20 mL) and extracted with diethyl ether (3 x 20mL). The combined organic layers were
dried over MgSO,, the solvent was evaporated and the residue was purified by flash
chromatography on silica (hexane/EtOAc 10/1) providing the title compound as an orange oil
(3.8 g, 77%). 'H NMR (400MHz, CDCls), dyi; 1.82 (2H, qt, J = 7.2 Hz, CH,), 2.26 (4H, m,
CH,), 2.42 (4H, m, CH,), 3.60 (3H, s, CH3), 4.94 (2H, m, CH,), 5.74 (1H, m, CH); *C NMR
(CDCl5) dc; 18.8, 27.8, 33.0, 41.6, 41.8 (CH,), 51.7 (CHs), 115.5 (CH,), 137.0 (CH), 173.9,
209.3 (C); IR 3050, 1736, 1703 cm™
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M ethyl 5-(phenoxyimino)non-8-enoate 76.

From methyl 5-oxonon-8-enoate (138 mg, 0.75 mmol), following procedure A. Red ail (161
mg, 78 %). *H NMR (400 MHz, CDCls), dy; 1.91-2.66 (10H, m, CHy), 3.71 (3H, s, CHs),
5.10 (2H, m, CH,), 5.88 (1H, m, CH), 7.00 (1H, t, J = 7.3 Hz, CH), 7.20 (2H, m, CH), 7.33
(2H, m, CH); °C NMR d¢; 21.2/21.2, 28.2/28.4, 30.0/30.2, 33.3, 33.6 (CH,), 51.5 (CHz),
114.6 (CHx2), 115.4 (CH,), 121.8 (CH), 129.2 (CH x2), 137.2/137.4 (CH), 159.4, 163.0,
173.5/173.7 (C); IR 2951, 1736, 1590, 1488 cm™; HRMS (CI*) calcd for CigHzNOs;
276.1600. Found: 276.1600.

Methyl 4-(2-methyl-3,4-dihydro-2H-pyrrol-5-yl)butanoate 77.

From methyl 5-(phenoxyimino)non-8-enoate (100 mg, 0.363 mmol), following procedure B.
Yellow ail (55 mg, 82 %). *H NMR (400 MHz, CDCls), du; 1.17 (3H, d, J = 6.8 Hz, CH3),
1.30 (1H, m, CHy), 1.87 (2H, m, CH,), 2.01 (1H, m , CH,), 2.25-2.52 (6H, m, CH,), 3.59
(3H, s, CHs), 3.96 (1H, m, CH); *C NMR d¢; 21.6 (CH,), 22.1 (CHa), 30.5, 32.9, 33.5, 37.4
(CHy), 51.5 (CHs), 67.6 (CH), 173.9, 176.7 (C); IR 1734, 1644 cm™; HRMS (CI*) calcd for
Ci10H1sNO»; 184.1338. Found: 184.1340.

Methyl 3-(5-methylpyrrolidin-2-yl)propanoate 78.
Method A.

NaBH, (24 mg, 0.65 mmol) was added in one portion to a stirred solution of 3-(2-methyl-3,4-
dihydro-2H-pyrrol-5-yl)propanate (100 mg, 0.59 mmol) in EtOH (10 mL). The suspension
was stirred for 3 hours at room temperature and after that was poured into water (10 mL) and
extracted with DCM (3 x 10 mL). The combination of the organic layers was dried over
MgSO,, and the solvent was removed under reduced pressure. The NMR spectrum of the
reaction crude showed a mixture of 78 43 % and 84 35 %.

Method B.

To a stirred solution of 3-(2-methyl-3,4-dihydro-2H-pyrrol-5-yl)propanate (100 mg, 0.59
mmol) in CH3CN (10 mL) was added dropwise a solution of sodium triacetoxyborohydride
(420 mg, 1.95 mmol) and acetic acid (39 mg, 0.65 mmol) in CH3CN (5 mL). The mixture

was alowed to stir for 3 h at rt and the suspension was poured onto aqueous saturated
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NaHCO; (10 mL) and extracted with DCM (3 x 10 mL). The organic layer was dried over
MgSO; filtered and concentrated in vacuo. The NMR spectrum of the crude reaction showed
amixture of 78 55 % and 84 35 %.

Method C.

To a stirred solution of 3-(2-methyl-3,4-dihydro-2H-pyrrol-5-yl)propanate (100 mg, 0.59
mmol) and acetic acid (35 mg, 0.59 mmol) in DCM (10 mL) at 0 °C, was added portionwise
NaCNBHj; (37 mg, 0.59 mmol). After stirring for 2 h at 0 °C the reaction was poured onto
saturated NaHCO;3 (10 mL) and extracted with DCM (3x10 mL). The organic layer was dried
over MgSO;, filtered and concentrated in vacuo. The NMR spectrum of the reaction crude
showed a mixture of 78 62 % and 84 30 %.

3-(5-methylpyrrolidin-2-yl)pr opan-1-ol 84.

A solution of methyl 3-(2-methyl-3,4-dihydro-2H-pyrrol-5-yl)propanate (200 mg, 1.18
mmol) in dry ether (3 mL) was added dropwise to a stirred suspension of LiAIH, (134 mg,
3.5 mmol) in dry ether (10 mL) at 0°C under N,. The suspension was stirred for 3 h. at room
temperature at which time the mixture was cooled to 0°C and water (2 mL) was added
dropwise carefully. The mixture was allowed to warm to rt and ether (10 mL) was added. The
suspension was filtered through celite and the solution was dried over MgSO, and
concentrated in vacuo to give a clear oil (160 mg, 96 %). *H NMR (400 MHz, CDCls), dx;
1.05/1.09 (3H, d, J= 6.3 Hz, CH3), 1.11-1.97 (8H, m, CH,), 3.06 (2H, m, CH), 3.53 (2H, m,
CHy); °C NMR dc; 28.4/29.2 CHs, 29.2/29.5, 30.4/31.8, 32.2/32.9, 33.8/33.9 (CHy),
52.3/53.6, 57.1/58.6 (CH), 60.8/61.0 (CH.); IR 3282, 2929, 1453 cm™.

3-(5-Methyl-1-(methylsulfonyl)pyrrolidin-2-yl)propyl methanesulfonate 85.

To a solution of amino acohol 3-(5-methylpyrrolidin-2-yl)propan-1-ol (70 mg, 0.25 mmol)
in dry dichloromethane (5 mL) was added MsCl (34 mg, 0. 3 mmol) at -10 °C followed by
dropwise addition of EtsN (38 mg, 0.38 mmol). After being stirred for 1 h at -10 °C, the
cooling bath was removed and stirring was continued for a further 2 h. The solvent was
evaporated at reduced pressure, and the residue was directly purified by column
chromatography (55:30:15) dichloromethane-methanol-35% NH,OH). None of the desired
cyclised product was isolated instead 3-(5-methyl-1-(methylsulfonyl)pyrrolidin-2-yl)propyl
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methanesul fonate was found. *H NMR (400 MHz, CDCl3), dy; 1.22/1.26 (3H, d, J = 6.2 Hz,
CHj3), 1.50-2.06 (9H, m, CH,, CH), 2.73/2.84 (3H, s, CH3), 2.95 (3H, s, CH3), 3.65 (1H, m,
CH), 4.18 (2H, m, CH,); *C NMR dc; 18.9 (CHa), 28.5, 30.8, 31.9, 33.0 (CH,), 37.3, 40.8
(CH3), 50.3, 55.2 (CH), 70.7 (CH,).

2-(But-3-enyl)pyrrolidine 89.%

To a solution of 3-(5-methylpyrrolidin-2-yl)propan-1-ol (80 mg, 0.55 mmol) in dry DMF (2
mL) were successively added PPhs (228 mg, 1.1 mmol), CCl, (167 mg, 1.1 mmol) and Et3N
(111 mg, 1.1 mmol). After stirring overnight at room temperature the solution was poured
into water (3 mL) and extracted with diethyl ether (3 x 5 mL). The organic layer was dried
over MgSO, and concentrated under reduced pressure. The residue was purified by flash
column chromatography DCM/MeOH/28% agueous NH3 (200/9/1) affording a colourless ail
(18 mg, 26 %). *H NMR (400 MHz, CDCls), dy; 1.18 (1H, m, NH), 1.43-1.96 (6H, m, CH,),
2.32 (2H, m, CHy), 2.73-3.34 (3H, m, CHy, CH), 4.90 (2H, m, CH,), 5.78 (1H, m, CH); °C
NMR dc; 25.6, 31.6, 32.0, 36.0, 46.8 (CHy), 59.0 (CH), 114.8 (CH,), 139.2 (CH).

1-Phenylhex-5-en-1-one 90.%®

A solution of acetophenone (2 g, 16.6 mmol) in dry THF (10 mL) was added dropwise over
10 min to a suspension of potassium hydride (0.80 g, 19.92 mmoal,) in dry THF (40 mL) at O
“C under N,. The yellow suspension was stirred at 23 °C for 30 min and BEt; (19.92 mL, 0.1
M in THF, 19.92 mmol) was added dropwise at 15 °C over 15 min. After stirring the
resulting clear solution at 23°C for 15 min, 4-bromobut-1-ene (2.7 g, 19.92 mmol,) was
added dropwise over 10 min and the resulting suspension was stirred for 4 h at 23 °C and
guenched with a 1:1 mixture of 30% NaOH and 30% H,O; (25 mL) at 0°C over 15 min. The
reaction mixture was then diluted with H,O (40 mL), the layers were separated and the
organic layer diluted with Et,O (80 mL) and washed with water (2 x 30 mL). The combined
water layers were extracted with CH,Cl, (2 x 30 mL) and the combined organic layers were
dried over MgSO, and the solvents were removed under reduced pressure. The isolated
product was purified by column chromatography (AcOEt/hexane 1:30) to afford the named
product as a colourless oil (1.53 g, 53 % vyield). *H NMR (400MHz,CDCl3), 6y; 1.78-1.88
(2H, m, CH,), 2.10-2.17 (2H, m, CH,), 2.95 (2H, t, J= 7.3 Hz, CH,), 4.49-5.08 (2H, m, CH>),
5.73-5.86 (1H, m, CH), 7.41-7.56 (3H, m, CH), 7.91-7.98 (2H, m, CH); **C NMR dc; 23.1,
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33.0, 37.6, 115.3 (CH,), 128.0 (CHx2), 128.5 (CHx2), 132.9, 137.0 (CH), 138.0, 200.2 (C);
IR 3067, 1820 cm™*

1-Phenylhex-5-en-1-one O-phenyl oxime 91.

From 1-phenylhex-5-en-1-one (130 mg, 0.75 mmol), following procedure A. Red oil (145
mg, 73 %); two isomers (3:1). *H NMR (400 MHz, CDCl3), 6y; 1.51-1.80 (2H, m, CHy),
2.03-2.21 (2H, m, CHy), 2.62/2.68 (2H, m, CH,), 4.94-5.03 (2H, m, CH,), 5.80 (1H, m, CH),
6.87-7.40 (8H, m, CH), 7.64-7.88 (2H, m, CH); *C NMR éc; 25.9, 26.7, 33.7, 114.7(CHx2),
115.4 (CHy), 122.3 (CH), 126.8 (CHx2), 128.2 (CHx2), 129.3 (CHx2), 129.8, 138.0 (CH),
139.0, 156.6, 157.0 (C); IR 3018, 1590, 1490 cm™; HRMS (ES") calcd for CigHioNONa;
288.1364. Found: 288.1360.

6-Cyclohexylhex-5-yn-2-one 96.

To a dtirred solution of [RuCl,(p-cymene)], (30.6 mg, 0.05 mmol) in benzene (4 mL) was
added pyrrolidine (14.2 mg, 0.2 mmoal), and the mixture was stirred for 10 min at rt followed
by the addition of ethynylcyclohexane (108.4 mg, 1.0 mmol) and methyl vinyl ketone (210
mg, 3.0 mmol). After the reaction mixture was stirred for 12 h at 60 °C, 6-cyclohexylhex-5-
yn-2-one (142 mg, 80%) was isolated by column chromatography on silica gel
(EtOAc/hexane 1:3). *H NMR (400 MHz, CDCls), dy; 1.59 (2H, m, CH,), 1.68 (2H, m,
CHy), 2.10 (3H, s, CH3), 2.22 (1H, m, CH), 2.35 (2H, m, CHy), 2.56 (2H, t, J = 7.3 Hz, CHy));
B3C NMR d¢; 13.8 (CHy), 25.0 (CH2)x2, 26.0 (CH), 29.0 (CH), 30.0 (CHs), 33.0 (CHxx2),
43.2 (CH.), 78.3, 85.4, 207.7 (C); IR 2929, 2853, 2232, 1717 cm™; HRMS (CI") cacd for
C12H170; 177.1279. Found: 177.1277.

6-Cyclohexylhex-5-yn-2-one O-phenyl oxime 97.

From 6-cyclohexylhex-5-yn-2-one (133 mg, 0.75 mmol), following procedure A. Red ail
(153 mg, 76 %); two isomers (7:3). *H NMR (400 MHz, CDCl3), 6y; 1.11-1.73 (10H, m,
CHy), 1.97/1.98 (3H, s, CH3), 2.23 (1H, m, CH), 2.39/2.59 (2H, t, J= 7.1 Hz, CH,), 2.41 (2H,
m, CH,), 6.89 (1H, t, J = 7.2 Hz, CH), 7.09 (2H, m, CH), 7.19 (2H, m, CH); *C NMR 4c;
15.0/20.5 (CHg), 15.5/16.3 (CHy), 24.9/25.0, 25.9 (CH,), 29.1 (CH), 29.7 (CHy), 33.0
(CHxx2), 35.6 (CH), 81.5, 85.8 (C), 114.9 (CHx2), 121.9 (CH), 129.3 (CHx2), 160.3 (C),

101



Microwave Assisted Generation of Iminyl Radicals, Syntheses of N-Heterocycles. Chapter 2

163.6 (C); IR 3063, 2929, 1590, 1489 cm: HRMS (CI") calcd for CigH4NO; 270.1858.
Found: 270.1852.

2-(Cyclohexylmethyl)-5-methyl-1H-pyrrole 101.

From 6-cyclohexylhex-5-ynone O-phenyl oxime (100 mg, 0.371 mmoal), following procedure
B. Orange ail (47 mg, 72 %). "H NMR (400 MHz, CDCl3), dy; 0.75-1.71 (11H, m, CH,, CH),
2.16 (3H, s, CH3), 2.33 (2H, d, J = 7.1 Hz, CH,), 5.70 (2H, m, CH), 7.45 (1H, s, NH); 3C
NMR dc; 12.0 (CH3), 25.3 (CH,x2), 25.4, (CH,), 32.2 (CHx2), 34.9 (CH,), 37.8, 104.6,
104.8 (CH), 124.6, 129.0 (C); IR 3370, 2921, 1595, 1448 cm™*; HRMS (CI*) cacd for
Ci2H2oN; 178.1596. Found: 178.1601.

2-(Cyclohexylethynyl)benzaldehyde 103.%°

To asolution of 2-bromobenzaldehyde (1.85 g, 10.0 mmol) and ethynylcyclohexane (1.29 g,
12.0 mmol) in EtsN (40 mL) was added PdCl,(PPhs), (140 mg, 2 mol %). The mixture was
stirred for 5 min and Cul (20 mg, 1 mol %) was added. The resulting mixture was then heated
under a nitrogen atmosphere at 50 °C for 4 h. The reaction was monitored by TLC to
establish completion. The reaction mixture was allowed to cool to room temperature, and the
ammonium salt was removed by filtration. The solvent was removed under reduced pressure
and the residue was purified by column chromatography on silica gel using 20:1
hexanes/EtOAc to afford (1.88 g, 86 %) of the compound as a yellow oil. *H NMR (400
MHz, CDCl3), oy; 1.34-1.45 (3H, m, CHy), 1.52-1.63 (3H, m, CHy), 1.71-1.78 (2H, m, CH,),
1.87-1.92 (2H, m, CHy), 2.68 (1H, m, CH), 7.34-7.39 (1H, m, CH), 7.48-7.54 (1H, m, CH),
7.88 (1H, m, CH), 10.56 (1H, s, CH); **C NMR &¢; 24.9 (CH2)x2, 25.9 (CH,), 29.9 (CH),
32.5 (CH2)x2, 76.3, 102.2, 126.9 (C), 127.9, 128.1 (CH), 133.3 (C), 133.7, 136.0 (CH), 192.3

©).

2-(Cyclohexylethynyl)benzaldehyde O-phenyl oxime 104.

From 2-(cyclohexylethynyl)benzaldehyde (159 mg, 0.75 mmol), following procedure A.
Brown solid (179 mg, 79 %); mp 59-61°C. *H NMR (400 MHz, CDCl5), d; 1.18-1.80 (10H,
m, CH,), 2.56 (1H, m, CH), 6.94 (1H, tt, J = 6.94, 1.58 Hz, CH), 7.21 (6H, m, CH), 7.38 (1H,
m, CH), 7.91 (1H, d, J = 6.75 Hz, CH), 8.82 (1H, s, CH); *C NMR dc¢; 23.9 (CH,x2), 24.8
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(CHy), 28.8 (CH), 31.5 (CH,x2), 76.4 (C), 99.8 (C), 113.8 (CHx2), 121.3 (CH), 123.7 (C),
124.5 (CH), 126.7 (CH), 128.8 (CHx2), 129.0 (CH), 131.2 (C), 131.6 (CH), 149.5 (CH),
158.4 (C); IR 3063, 2929, 2226, 1591, 1490 cm’; HRMS (ES") calcd for CpHaNONa;
326.1521. Found: 326.1511.

1-(2,4-Dimethoxyphenyl)ethanone O-phenyl oxime 109.

From 1-(2,4-dimethoxyphenyl)ethanone (135 mg, 0.75 mmol), following procedure A. Purple
oil, (148 mg, 73%). Two isomers 9:1. *H NMR (300MHz, CDCl3) 2.20, 2.30 (3H, s, CH3),
3.67, 3.73 (3H, s, CH3), 6.14 (1H, s, CH), 6.42 (1H, m, CH), 6.90 (1H, t, J=6.88, CH), 7.04-
7.30 (5H, m, CH); dc; 15.7, 20.4, 54.3, 54.8 (CH3), 97.8, 103.6, 113.8 (CH), 118.4 (C), 120.9,
128.1, 129.7 (CH), 158.0, 158.6, 159.1, 161.2 (C) ); IR 1594 cm™; HRMS (CI*) calcd for
Ci6H1sNO3; 272.1291. Found 272.1287.

3-Phenylpropanal O-phenyl oxime 117.

From 3-phenylpropanal (100 mg, 0.75 mmol), following procedure A. Red oil (102 mg, 61
%). *H NMR (400 MHz, CDCl3), 5ii; 2.56/2.79 (2H, m, CH,), 2.58/2.71 (2H, m, CH,), 6.88-
7.27 (10H, m, CH), 7.22/7.68 (1H, t, J = 5.9, CH); *C NMR d¢; 26.6/30.2, 31.1/31.6 (CH>),
113.3/113.7 (CHx2), 121.0/121.2, 125.3/125.4 (CH), 127.3/127.4 (CHx2), 127.6 (CHx2),
128.2 (CHx2), 139.5 (C), 152.4/152.8 (CH), 158.2 (C); IR 3062, 1594, 1486 cm’; HRMS
(CIM) caled for CisH16NO; 226.1232. Found: 226.1240.

2-Benzylcyclohexanone O-phenyl oxime 118.

From 2-benzylcyclohexanone (141 mg, 0.75 mmol), following procedure A. Yellow solid
(144 mg, 69 %); mp 79-81 °C. *H NMR (400 MHz, CDCl3), dy; 1.16-3.79 (11H, m, CH,
CH,), 6.95 (1H, t, J = 7.3 Hz, CH), 6.97-7.24 (9H, m, CH); *C NMR d¢; 24.2, 25.3, 26.4,
32.4, 37.3 (CHy), 44.1 (CH), 114.5 (CHx2), 121.6, 126.0 (CH), 128.3 (CHx2), 129.2 (CHx2),
129.2 (CHx2), 140.6, 159.6, 165.4 (C); IR 3420, 1590, 1488 cm}; HRMS (CI*) calcd for
C19H2NO; 280.1701. Found: 280.1701.
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Procedure C. General procedure for microwave-induced reactions of O-phenyl oximes

with a phenyl ring asaradical acceptor.

The O-phenyl oxime (100 mg) and emimPF, (1 equiv.) were dissolved in t-butylbenzene
(0.15 M) in amicrowave vessel (2-5mL). The vessel was sealed and subjected to microwave
irradiation for 30 min at 160 °C in a Biotage Initiator system. After cooling the ionic liquid
was filtered off and the toluene was removed under reduced pressure. The residue was
purified by flash column chromatography (5 % EtOAc/hexane)

Quinoline 119.”°

From 3-phenylpropana O-phenyl oxime (100 mg, 0.444 mmol), following procedure C.
Clear oil (26 mg, 46 %). *H NMR (400MHz,CDCls), 6y; 7.40 (1H, dd, J = 8.4, 4.2 Hz, CH),
7.57 (1H, dt, J = 8.4, 1.1 Hz, CH), 7.68 (1H, dt, J = 7.2, 1.4 Hz, CH), 7.76 (1H, d, J = 8.1 Hz,
CH), 8.06 (1H, J = 8.2 Hz, CH), 8.20 (1H, d, J = 8.1 Hz, CH), 8.95 (1H, dd, J = 4.2, 1.5 Hz,
CH); *C NMR d¢; 121.0, 126.4, 127.7 (CH), 128.2 (C), 129.3, 129.4, 135.9 (CH), 148.3 (C),
150.3 (CH); IR 3063, 1500 cm™.

1,2,3,4-Tetrahydroacridine 120.%

From 2-benzylcyclohexanone O-phenyl oxime (100 mg, 0.358 mmoal), following procedure
C. Yellow solid (33 mg, 51 %); mp 53-55 °C. *H NMR (400MHz,CDCls), y; 1.88 (2H, m,
CH,), 1.96 (2H, m, CH,), 2.94 (2H, t, J = 6.5 Hz, CH,), 3.12 (2H, t, J = 6.5 Hz, CH,), 7.41
(1H, t, 3 = 8.1 Hz, CH), 7.59 (1H, dt, J = 8.4, 1.4, CH), 7.67 (1H, d, J = 8.1 Hz, CH), 7.77
(1H, s, CH), 7.98 (1H, d, J = 7.8 Hz, CH); *C NMR d¢; 23.0, 23.3, 29.3, 33.6 (CH.), 125.7,
127.0 (CH), 127.3 (C), 128.3, 128.6 (CH), 131.1 (C), 135.2, 146.6, 159.3 (C); IR 2935, 2858,
1623, 1491, 1437 cm™,

Procedure D. General procedurefor Suzuki coupling.

The bromo-compound (3 mmol) and the boronic acid (3 mmol) were dissolved in toluene (40
mL), and sodium carbonate (6 mmol, 2 M) was added. To this reaction mixture was added
ethanol (2 mL) followed by tetrakis(triphenylphosphine)-palladium (2 %). The reaction
mixture was refluxed overnight under N, and then diluted with water, the organic layer was

separated, and the aqueous layer was extracted with EtOAc (2 x 30 mL). The combined
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organic extracts were washed with water (3 x 30 mL) and brine (1 x 30 mL) dried over
MgSO, and filtered. The filtrate was evaporated under reduced pressure and the residue was
purified by column chromatography on silica gel (hexane/EtOAC).

3-Phenylbenzo[b]thiophene-2-car baldehyde 128."

From 3-bromobenzol b] thiophene-2-carbal dehyde (723 mg, 3 mmol), following procedure D.
Green oil, (450 mg, 63 %). *H NMR (400 MHz, CDCls), 8y; 7.26 (1H, ddd, J = 8.2, 7.1, 1.1
Hz, CH), 7.35-7.45 (6H, m, CH), 7.65 (1H, d, J = 7.9 Hz, CH), 7.78 (1H, d, J = 7.7 Hz, CH),
9.80 (1H, s, CH); *C NMR dc; 122.2, 124.1, 124.4, 127.3 (CH), 127.7 (CHx2), 128.0 (CH),
129.4 (CHx2), 1312, 137.8, 138.2, 140.8, 146.6 (C), 184.9 (CH); IR 3019, 1662 cm'’;
HRMS (CI") calcd for Ci5H1;0S; 239.0531. Found: 239.0528.

3-Phenylbenzo[b]thiophene-2-car baldehyde O-phenyl oxime 129.

From 3-Phenylbenzo[ b]thiophene-2-carbaldehyde (178 mg, 0.75 mmoal), following procedure
A. Brown solid, (187 mg, 76 %); mp 81-83 °C; two isomers (1:1). 'H NMR (400 MHz,
CDCly), dy; 6.98 (1H, m, CH), 7.16 (1H, m, CH), 7.22-7.49 (10H, m, CH), 7.55/7.58 (1H, d,
J = 81 Hz, CH), 7.78/7.85 (1H, d, J = 7.9 Hz, CH), 7.83/8.44 (1H, s, CH); **C NMR d¢;
113.3/113.7 (CHx2), 121.2/121.4, 121.8, 122.7, 123.3/123.7, 125.5/127.7, 127.4/127.5 (CH),
127.7/127.8 (CHx2), 128.3/128.3 (CHx2), 129.1/129.5 (CHx2), 129.8, 132.4/132.7,
136.6/138.2, 138.7/141.0, 140.4/141.6 (C), 141.9/145.7 (CH), 157.8/158.1 (C); IR 3059,
1590, 1489 cm™; HRMS (ES") calcd for CH1sNONaS; 352.0772. Found: 352.0778.

[1]Benzothieno[2,3-c]quinoline 130.”

From 3-phenylbenzo[b]thiophene-2-carbaldehyde O-phenyl oxime (100 mg, 0.3 mmol),
following procedure C. Brown solid, (38 mg, 53 %), mp 129-131 °C [lit. 118-119 °C]"%. 'H
NMR (400 MHz, CDCl3), 8y; 7.59 (2H, m, CH), 7.71 (2H, m, CH), 8.01 (1H, m, CH), 8.26
(1H, m, CH), 8.84 (2H, m, CH), 9.30 (1H, s, CH); °C NMR J¢; 121.9, 122.8, 124.4 (CH),
124.5 (C), 125.1 (CH), 126.6 (CHx2), 126.9, 129.7 (CH), 131.6, 132.3, 134.2, 140.5, 141.5
(C), 145.2 (CH); IR 3018, 1502 cm'}; HRMS (CI*) calcd for CisH1oNS; 236.0534. Found:
236.0538.
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Biphenyl-2-car baldehyde O-phenyl oxime 131.

From biphenyl-2-carbaldehyde (136 mg, 0.75 mmol), following procedure A. Red ail (147
mg, 72 %). '"H NMR (400 MHz, CDCl3), 6y; 6.95 (1H, t, J = 7.4, CH), 7.10-7.42 (12H, m,
CH), 8.05 (1H, dd, J = 7.8, 1.4 Hz, CH), 8.31 (1H, s, CH); *C NMR dc; 114.4 (CHx2),
122.3, 126.7 (CH), 127.7 (CHx2), 128.5 (CHx2), 129.0 (C), 129.4 (CHx2), 129.8 (CHx2),
130.3, 130.4 (CH), 139.4, 142.8 (C), 150.8 (CH), 159.4 (C) : IR 3061, 1590, 1489 cm'*;
HRMS (ES") calcd for C1gH16NO; 274.1232. Found: 274.1244.

Phenanthridine 134.”

From biphenyl-2-carbal dehyde O-phenyl oxime (100 mg, 0.366 mmol), following procedure
C. Yellow solid (50 mg, 76 %), mp 105-107. *H NMR (400MHz,CDCls), 6x; 7.65 (3H, m,
CH), 7.80 (1H, t, J = 7.7 Hz, CH), 7.98 (1H, d, J = 8.1 Hz, CH), 8.13 (1H, dd, J = 8.1, 1.5
Hz, CH), 8.53 (1H, t, J = 8.9 Hz, CH), 9.22 (1H, s, CH); *C NMR d¢; 121.9, 122.3 (CH),
124.2, 128.4 (C), 127.2, 127.6, 128.8, 128.9, 130.0, 131.2 (CH), 132.7, 144.3 (C); IR 3370,
2921, 1595, 1448 cm'™*; HRMS (CI™) caled for Cy3H10N 180.0813 found 180.0820.

Biphenyl-2-carbaldehyde 135.”

From 2-bromobenzaldehyde (555 mg, 3 mmol) and phenylboronic acid (366, 3 mmoal),
following procedure D. Clear oil (400 mg, 73 %). *H NMR (400 MHz, CDCl3), 8y; 7.36-7.40
(2H, m, CH), 7.43-7.52 (5H, m, CH), 7.64 (1H, td, J = 7.5, 1.4 Hz, CH), 8.03 (1H, dd, J =
7.7, 1.1, CH), 9.98 (1H, s, CH); °C NMR dc; 127.5, 127.8, 128.1, 128.4 (CH), 130.1
(CHx2), 130.8 (C), 133.6 (CHx2), 133.7 (CH), 137.7, 146.0 (C), 192.5 (CH); IR 3020, 1691,
1596 cm™.

4'-Bromobiphenyl-2-car baldehyde 136.

From 2-bromobenzaldehyde (555 mg, 3 mmol) and 4-bromophenylboronic acid (600 mg, 3
mmol), following procedure D. White solid (536 mg, 69 %); mp 67-69 °C. *H NMR (400
MHz, CDCl3), oy ; 7.17 (2H, d, J = 8.5 Hz, CH), 7.32 (1H, dd, J = 7.7, 1.2 Hz, CH), 7.43 (1
H, tt, J=7.5, 1.0 Hz, CH), 7.52 (2H, d, J = 8.5 Hz, CH), 7.56 (1H, td, J = 7.5, 1.5 Hz, CH),
7.94 (1H, dd, J = 7.7, 1.2 Hz, CH), 9.88 (1H, s, CH); *C NMR é¢; 122.6 (C), 128.0, 128.2,
130.6 (CH), 131.6 (CH)x2, 131.7(CH)x2 (CH), 133.6 (C), 133.7 (CH), 136.7, 144.5 (C),
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191.8 (CH); IR 3019,1692, 1599 cm™; HRMS (CI*) calcd for Ci3H100br; 260.9915. Found:
260.9915.

2’ -Formylbiphenyl-4-carbonitrile 137.

From 2-bromobenzaldehyde (555 mg, 3 mmol) and 4-cyanophenylboronic acid (441 mg, 3
mmol), following procedure D. Yellow solid (385 mg, 62 %); 83-85 °C.*H NMR (400 MHz,
CDCls), dn; 7.33 (1H, dd, J = 7.5, 1.0 Hz, CH), 7.42 (2H, d, J = 8.6 Hz, CH), 7.49 (1H, t, J =
7.5 Hz, CH), 7.61 (1H, td, J = 7.6, 1.5 Hz, CH), 7.68 (2H, d, J = 8.2 Hz, CH), 7.95 (1H, dd, J
= 7.7, 1.3 Hz, CH), 9.86 (1H, s, CH); *C NMR d¢; 112.1, 118.6 (C), 128.6, 128.9, 130.6
(CH), 130.7 (CHx2), 132.2 (CHx2), 133.6 (C), 133.9 (CH), 142.8, 143.4 (C), 191.5 (CH); IR
3020, 2229, 1699, 1581 cm™; HRMS (CI*) calcd for Ci4H10NO; 208.0762. Found: 208.0765.

4’-M ethoxybiphenyl-2-car baldehyde 138.”

From 2-bromobenzaldehyde (555 mg, 3 mmol) and 4-methoxyphenylboronic acid (456 mg,
3 mmol), following procedure D. Brown solid, (400 mg, 63 %); mp 46-46 °C. *H NMR (400
MHz, CDCls), du; 3.78 (3H, s, CHs), 6.91 (2H, d, J = 8.7 Hz, CH), 7.21 (2H, d, J = 8.7 Hz,
CH), 7.32-7.39 (2H, m, CH), 7.52 (1H, td, J = 7.6, 1.5 Hz, CH), 7.91 (1H, dd, J = 7.7, 1.5,
CH), 9.91 (1H, s, CH); *C NMR d¢; 55.5 (CHs), 114.0 (CHx2), 127.4, 127.6 (CH), 130.0
(C), 130.8 (CH), 131.3 (CHx2), 133.5 (CH), 133.7, 145.7, 159.7 (C), 193.1 (CH); IR
3020,1690, 1595 cm™; HRMS (CI*) caled for Ci4H150,; 213.0916. Found: 213.0916.

4’ -Bromobiphenyl-2-car baldehyde O-phenyl oxime 139.

From 4’-bromobiphenyl-2-carbaldehyde (195 mg, 0.75 mmol), following procedure A.
Brown solid (205 mg, 78 %); mp 80-82 °C. *H NMR (400 MHz, CDCl3), 6y; 6.93 (1H, t, J =
7.24 Hz, CH), 7.11 (4H, m, CH), 7.22 (3H, m, CH), 7.35 (2H, m, CH), 7.48 (2H, d, J = 8.6
Hz, CH), 8.00 (1H, d, J = 7.4 Hz, CH), 8.24 (1H, s, CH); *C NMR d¢; 113.4 (CHx2), 121.0
(C), 121.3, 125.9, 127.0 (CH), 128.0 (C), 128.3 (CHx2), 129.1, 129.3 (CH), 130.3 (CHx2),
130.6 (CHx2), 137.2, 140.3 (C), 149.3 (CH), 158.3 (C); IR 3016, 1591, 1499 cm’; HRMS
(ES") calcd for Ci9H1sNOBr; 352.0337. Found: 352.0324.
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2" -((Phenoxyimino)methyl)biphenyl-4-car bonitrile 140.

From 2’ -formylbiphenyl-4-carbonitrile (155 mg, 0.75 mmol), following procedure A. Y ellow
solid, (165 mg, 74 %); mp 88-90 °C. *H NMR (400 MHz, CDCls), 61; 6.93 (1H, t, J = 7.3Hz,
CH), 7.10 (2H, d, J = 8.4 Hz, CH), 7.18-7.25 (3H, m, CH), 7.34 (2H, d, J = 8.4 Hz, CH), 7.39
(2H, m, CH), 7.63 (2H, d, J = 8.4 Hz, CH), 8.01 (1H, d, J = 7.5 Hz, CH), 8.18 (1H, s, CH);
3C NMR dc; 111.8 (C), 114.5 (CHx2), 118.7 (C), 122.7, 127.4, 128.9 (CH), 129.1 (C), 129.5
(CHx2), 130.2 (CH), 130.5 (CHx2), 130.6 (CH), 132.3 (CHx2), 140.6, 144.3 (C), 149.8
(CH), 159.3 (C); IR 3020, 1591, 1489 cm™; HRMS (CI*) calcd for CyHisN,O; 299.1184.
Found: 299.1176.

4'-M ethoxybiphenyl-2-car baldehyde O-phenyl oxime 141.

From 4’-methoxybiphenyl-2-carbaldehyde (159 mg, 0.75 mmol), following procedure A.
Brown solid, (159 mg, 70 %); mp 85-87 °C. 'H NMR (400 MHz, CDCls), 6y; 3.76 (3H, s,
CHy), 6.87-6.97 (3H, m, CH), 7.12-7.38 (9H, m, CH), 8.00 (1H, d, J= 7.5 Hz, CH), 8.31 (1H,
s, CH); °C NMR 6c¢; 55.4 (CHs), 113.9 (CHx2), 114.4 (CHx2), 122.3, 126.8, 127.4 (CH),
129.1 (C), 129.4 (CHx2), 130.3, 130.5 (CH), 131.0 (CHx2), 131.7, 142.6 (C), 151.2 (CH),
159.4, 159.5 (C); IR 3065, 1592, 1478 cm™; HRMS (CI*) calcd for CyH1gNO,; 304.1338.
Found: 304.1338.

3-Bromophenanthridine 142.”°

From 4’ -bromobiphenyl-2-carbaldehyde O-phenyl oxime (100 mg, 0.284 mmoal), following
procedure C. Y ellow solid, (53 mg, 73 %); mp 110-112 °C. *H NMR (400 MHz, CDCls), dy;
7.68 (2H, m, CH), 7.81 (1H, t, J = 7.7 Hz, CH), 7.98 (1H, d, J = 8.0 Hz, CH), 8.28 (1H, d, J =
1.9 Hz, CH), 8.35 (1H, d, J = 8.8 Hz, CH), 8.48 (1H, d, J = 8.8 Hz, CH), 9.20 (1H, s, CH);
3C NMR 6¢; 121.9 (CH), 122.5 (C), 123.7 (CH), 126.4, 127.5 (C) 127.9, 129.0, 130.3, 131.6
(CH), 132.3 (C) 132.6 (CH), 146.3 (C), 154.7 (CH) ; IR 3019, 1595, 1476 cm™; HRMS (CI")
calcd for Ci3HgNBr; 257.9918. Found: 257.9921.

Phenanthridine-3-car bonitrile 143.

From 2’ -((phenoxyimino)methyl)biphenyl-4-carbonitrile (100 mg, 0.335 mmoal), following
procedure C. Y ellow solid, (45 mg, 66 %); mp 117-119 °C. *H NMR (400 MHz, CDCls), dy;
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7.75-7.83 (2H, m, CH), 7.90 (1H, t, J = 7.8 Hz, CH), 8.06 (1H, d, J = 7.7 Hz, CH), 8.46 (1H,
d, J= 1.6 Hz, 1H), 8.58 (2H, d, J = 8.9 Hz, 2H), 9.31 (1H, s, CH); *C NMR J¢; 112.0, 118.6
(C), 122.5, 123.7 (CH), 127.0, 127.4 (C), 128.7, 129.2, 129.4 (CH), 131.5 (C), 132.0, 135.1
(CH), 143.7 (C), 155.5 (CH); IR 3020, 2232, 1593, 1480 cm'; HRMS (ES") calcd for
CuHgNy; 205.0766. Found: 205.0764.

3-Methoxyphenanthridine 144.”

From 4’ -methoxybiphenyl-2-carbal dehyde O-phenyl oxime (100 mg, 0.330 mmol), following
procedure C. Brown solid, (43 mg, 62 %); mp 81-83 °C. *H NMR (400 MHz, CDCls), dy;
3.91 (3H, s, CH3), 7.25 (1H, dd, J = 9.1, 2.7 Hz, CH), 7.53 (1H, d, J = 2.7 Hz, CH), 7.56 (1H,
t,J=7.6 Hz, CH), 7.76 (1H, t, J = 7.7 Hz), 7.95 (1H, d, J = 8.0 Hz, CH), 8.40 (1H, d, J=9.0
Hz, CH), 8.44 (1H, d, J = 8.2 Hz, CH), 9.2 (1H, s, CH); *C NMR 6¢; 54.8 (CHs), 108.9,
117.1, 120.4, 122.4 (CH), 124.6 (Cx2), 125.4, 127.8, 130.2 (CH), 131.8, 145.2 9(C), 153.2
(CH), 159.4 (C); IR 3018, 1619, 1471 cm™; HRMS (CI") calcd for CiaH:oNO; 210.0919.
Found: 210.0917.

1-(Biphenyl-2-yl)ethanone 147."

From 1-(2-bromophenyl)ethanone (597 mg, 3 mmol) and phenylboronic acid (366 mg, 3
mmol), following procedure D. Clear oil, (370 mg, 63 %). *H NMR (400 MHz, CDCls), dy;
2.03 (3H, s, CH3), 7.35-7.47 (7TH, m, CH), 7.53 (1H, dt, J = 7.5, 1.4 Hz, 1H), 7.58 (1H, dd, J
= 7.5, 1.2 Hz, CH); *C NMR dc; 30.8 (CH3), 127.5 (CH), 127.9 (CHx2), 128.7 (CHx2),
128.9 (CHXx2), 130.3, 130.7 (CH), 140.4, 140.6, 140.8, 204.7 (C); IR 3060, 1688, 1594 cm™

Biphenyl-2-yl(phenyl)methanone 148.”

From (2-bromophenyl)(phenyl)methanone (783 mg, 3 mmol) and phenylboronic acid (366
mg, 3 mmol), following procedure D. White crystals, (433 mg, 56 %), mp 85-87 °C. 'H NMR
(400 MHz, CDCl3), oy; 7.00/7.18 (7H, m, CH), 7.48-7.25 (5H, m, CH), 7.57-7.52 (2H, m,
CH); 3C NMR dc¢; 127.2, 127.4 (CH), 128.1 (CHx2), 128.3 (CHx2), 128.8 (CH), 129.0
(CHx2), 130.0 (CHx2), 130.1, 130.4, 132.9 (CH), 137.5, 139.0, 140.2, 141.2, 199.3 (C); IR
3060, 1665, 1598 cm™
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1-Phenyl-2-naphthaldehyde 152.%°

From 1-bromo-2-naphthaldehyde (705 mg, 3 mmol) and phenyl boronic acid (366 mg, 3
mmol), following procedure D. Light yellow oil, (487 mg, 70 %). 'H NMR (400 MHz,
CDCls), dy; 7.27-7.35 (3H, m, CH), 7.40-7.45 (3H, m, CH), 7.51-7.56 (2H, m, CH), 7.81
(1H, d, 3 = 3.5 Hz, CH), 7.83 (1H, d, J = 3.8 Hz, CH), 7.97 (1H, d, J = 8.6 Hz, CH), 9.80
(1H, s, CH); ®C NMR dc; 122.2, 126.9, 127.7 (CH), 128.3 (CH)x2, 128.3 (CH), 128.4
(CH)x2, 128.8 (CH), 131.0 (CH)x2, 131.2, 132.5, 135.2, 136.1, 146.6, 193.1 (C); IR 3020,
1684 cm™.

1-Phenyl-2-naphthaldehyde O-phenyl oxime 153.

From 1-phenyl-2-naphthal dehyde (174 mg, 0.75 mmol), following procedure A. Brown solid,
(186 mg, 77 %); mp 97-99 °C. *H NMR (400 MHz, CDCl3), d; 6.93 (1H, t, J = 7.2 Hz, CH),
7.12-7.33 (7H, m, CH), 7.42 (5H, m, CH), 7.79 (2H, m, CH), 8.15 (1H, d, J = 8.8 Hz, CH),
8.17 (1H, s, CH); *C NMR d¢; 114.6 (CHx2), 122.3, 122.6, 126.6 (CH), 127.0 (C), 127.1,
127.2, 128.0, 128.2, 128.3 (CH), 128.5 (CHx2), 129.4 (CHx2), 130.8 (CHx2), 132.8, 134.4,
137.0, 141.5 (C), 151.0 (CH), 159.5 (C); IR 3017, 1592, 1489 cm*; HRMS (CI*) calcd for
Ca3H1sNO; 324.1388. Found: 324.1383.

Benzo[k]phenanthridine 154.%

From 1-phenyl-2-naphthaldehyde O-phenyl oxime (100 mg, 0.31 mmol), following
procedure C. Brown solid (45 mg, 64 %); mp 108-110 °C. *H NMR (400 MHz, CDCl3), dy;
7.66-7.77 (4H, m, CH), 7.89 (1H, d, J=8.4 Hz, CH), 7.96 (1H, d, J = 8.4 Hz, CH), 8.02 (1H,
d, J=7.0Hz, CH), 8.26 (1H, d, J=8.1, 1.6 Hz, CH), 9.05 (1H, d, J= 8.5 Hz, CH), 9.15 (1H,
d, J = 8.0 Hz, CH), 9.29 (1H, s, CH); *C NMR d¢; 119.0, 124.1 (CH), 124.2 (C), 125.8,
125.9, 126.0 (CH), 126.5 (C), 127.1, 127.2 (CH), 127.4 (C), 127.8, 128.0, (CH), 128.0, (C),
129.2 (CH), 134.2, 145.7 (C), 151.6 (CH); IR 2923, 1579, 1451, 1381 cm™.

6-Phenylbenzo [d] [1,3]dioxole-5-car baldehyde 156.

From 6-bromopiperonal (687 mg, 3 mmol) and phenylboronic acid (366 mg, 3 mmol)
following procedure D. Clear oil (413 mg, 61%). *H NMR (400 MHz, CDCls), y; 6.00 (s,
2H, CHy), 6.78 (s, 1H, CH), 7.27 (m, 2H, CH), 7.36 (m, 3H, CH), 7.40 (s, 1H, CH), 9.67 (s,
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1H, CH); ®C NMR dc; 102.4 (CH,), 106.6, 110.5, 128.2, 128.4, 130.1 (CH), 137.4, 143.8,
147.8, 152.3, 127.8 (C), 190.6 (CH); IR 3058, 2907, 1677 cm’>; HRMS (CI*) calcd for
CuH1Os; 227.0708. Found 227.0704.

6-Phenylbenzo[d][1,3]dioxole-5-car baldehyde O-phenyl oxime 157.

From 6-phenylbenzo [d] [1,3]dioxole-5-carbaldehyde (169 mg, 0.75 mmol), following
procedure A. Yellow solid, (183 mg, 77%); mp 115-117 °C. *H NMR (400 MHz,CDCls), dy;
5.99 (2H, s, CH,), 6.74 (1H, s, CH), 6.94 (1H, t, J = 7.2 Hz, CH), 7.13 (2H, m, CH), 7.20-
7.28 (4H, m, CH), 7.31-7.41 (3H, m, CH), 7.51 (1H, s, CH), 8.18 (1H, s, CH); **C NMR é¢;
101.8 (CH,), 105.7, 110.3 (CH), 114.5 (CHx2), 122.2 (CH), 123.0 (C), 127.7 (CH), 1285
(CHx2), 129.4 (CHx2), 129.9 (CHx2), 138.5, 139.2, 147.5, 149.6 (C), 150.6 (CH), 159.5 (C);
IR 3062, 2908, 1591, 1475 cm™; HRMS (CI*) calcd for CyH1sNOs: 318.1130. Found:
318.1128.

[1,3] Dioxolo[4,5-j]phenanthridine. Trisphaeridine 158.%

From 6-phenylbenzo[d][1,3]dioxole-5-carbaldehyde O-phenyl oxime (100 mg, 0.315 mmoal),
following procedure C. Brown solid (49 mg, 70 %); mp 144-146 °C [lit. 138-140 °C]*. 'H
NMR (400 MHz, CDCl3), 6u: 6.00 (2H, s, CH>), 7.33 (1H, s, CH), 7.62 (1H, td, J = 7.5, 1.5,
CH), 7.62 (1H, td, J = 7.5, 1.2 Hz, CH), 7.91 (1H, s, CH), 8.13 (1H, dd, J = 7.4, 1.2 Hz, CH),
8.37 (1H, dd, J = 8.4, 1.2 Hz, CH), 9.08 (1H, s, CH); *C NMR Jc; 99.9 (CH), 101.9 (CH,),
105.5, 122.0 (CH), 123.0, 124.3 (C), 126.7, 128.0, 130.0 (CH), 130.3, 144.0, 148.2, 151.5
(C), 151.7 (CH); IR 2904, 1620, 1580, 1498, 1464 cm’; HRMS (CI*) calcd for CiaH1oNO;
224.0712. Found: 224.0712.

6-(Pyridin-4-yl)benzo[d][1,3]dioxole-5-car baldehyde 160.

From 6-bromopiperonal (687 mg, 3 mmol) and pyridin-4-ylboronic acid (369 mg, 3 mmol)
following procedure D. Yellow ail, (394 mg, 58%). *H NMR (400MHz,CDCls), dy; 6.04 (s,
2H, CH,), 6.74 (s, 1H, CH), 7.20 (d, J = 5.3 Hz, 2H, CH), 7.38 (s, 1H, CH), 8.61 (m, 2H,
CH), 9.64 (s, 1H, CH); **C NMR 6¢; 102.5 (CHy), 106.7, 109.8, 124.8 x 2 (CH), 128.7, 140.2,
145.5, 148.7 (C), 149.8 x 2 (CH), 152.4 (C), 189.5 (CH); IR 3019, 2917, 1677; HRMS (ES")
calcd for Ci3H10NOs; 228.0661. Found 228.0651.
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6-(Pyridine-4-yl)benzo[d][1,3]dioxole-5-car baldehyde O-phenyl oxime 161.

From 6-(pyridin-3-yl)benzo[d][1,3]dioxole-5-carbaldehyde (170 mg, 0.75 mmol), following
procedure A. Yellow solid, (169 mg, 71 %); mp 133-135 °C. 'H NMR (400 MHz, CDCl5),
Su; 5.97 (2H, s, CH,), 6.69 (1H, s, CH), 6.93 (1H, t, J = 7.3 Hz, CH), 7.07-7.27 (6H, m, CH),
7.50 (1H, s, CH), 8.13 (1H, s, CH), 8.61 (2H, m, CH); *C NMR é¢; 101.9 (CH.), 106.0
(CH), 109.6 (CH), 114.5 (CHx2), 122.4 (CHx2), 123.1 (C), 124.7 (CH), 129.4 (CHx2),
135.0, 147.0, 1485 (C), 149.5 (CH), 149.9 (C), 150.0 (CHx2), 159.2 (C); IR 3020, 1593,
1482 cm™; HRMS (CI*) caled for C1gH15N»03; 319.10.83. Found: 319.1082.

2-Phenylnicotinaldehyde 168.

From 2-bromonicotinaldehyde (558 mg, 3 mmol) and phenylboronic acid (366 mg, 3 mmol)
following procedure D. Yellow oil, (378 mg, 69 %). *H NMR (400 MHz, CDCl3), dy; 7.35
(1H, dd, J = 7.9, 4.7 Hz, CH), 7.46-7.40 (3H, m, CH), 7.53-7.49 (2H, m, CH), 8.22 (1H, dd, J
=7.8, 1.9 Hz, CH), 8.79 (1H, dd, J = 4.8, 1.8 Hz, CH), 9.98 (1H, s, CH); *C NMR d¢; 122.5
(CH), 128.6 (CHx2), 129.5 (C), 129.6 (CH), 130.4 (CHx2), 135.9 (CH), 137.0 (C), 153.3
(CH), 162.2 (C), 191.5 (CH). IR 3020, 1699, 1583 cm™*; HRMS (CI*) calcd for Ci2H1oNO;
184.0762. Found: 184.0761

2-(4-Bromophenyl)nicotinaldehyde 169.

From 2-bromonicotinaldehyde (558 mg, 3 mmol) and 4-bromophenylboronic acid (600 mg, 3
mmol), following procedure D. White solid, (510 mg, 65 %); mp 84-86 °C. 'H NMR
(400MHz,CDCl3), 6y; 7.33 (1H, m, CH), 7.35 (2H, d, J = 8.6 Hz, CH), 7.53 (2H, d, J = 8.6
Hz, CH), 8.16 (1H, dd, J=7.9, 1.8 Hz, CH), 8.74 (1H, dd, J = 4.7, 1.7 Hz, CH), 9.91 (1H, s,
CH); °C NMR &¢; 121.8 (CH), 123.3, 1285 (C), 130.7 (CHx2), 130.8 (CHx2), 134.9 (C),
135.0, 152.4 (CH), 160.0 (C), 190.1 (CH); IR 3019, 1696, 1580 cm™; HRMS (CI*) calcd for
C12H9NOBTr; 261.9868. Found: 261.9870.

4-(3-Formylpyridin-2-yl)benzonitrile 170.

From 2-bromonicotinaldehyde (558 mg, 3 mmol) and 4-cyanophenylboronic acid (441 mg, 3
mmol), following procedure D. White solid, (565 mg, 63 %):; mp 138-140 °C. *H NMR (400
MHz, CDCly), dy; 7.46 (1H, t, J = 8.0, CH), 7.65 (2H, d, J = 8.5 Hz, CH), 7.76 (2H, d, J=85
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Hz, CH), 8.27 (1H, dd, J = 7.9, 1.8 Hz, CH), 8.84 (1H, dd, J = 4.7, 1.7 Hz, CH), 9.97 (1H, s,
CH); *C NMR é¢; 113.5, 118.3 (C), 123.6 (CH), 129.8 (C), 131.0 (CHx2), 132.4 (CHx2),
136.4 (CH), 141.5 (C), 153.8 (CH), 160.0 (C), 190.8 (CH); IR 3020, 2233, 1699, 1581 cm'*;
HRMS (CI") caled for Ci3HgN2O; 209.0715. Found: 209.0712.

2-Phenylnicotinaldehyde O-phenyl oxime 171.

From 2-phenylnicotinaldehyde (137 mg, 0.75 mmol), following procedure A. Brown solid,
(147 mg, 72 %); mp 78-80 °C. *H NMR (400 MHz, CDCl3), dy; 6.95 (1H, t, J = 7.1 Hz, CH),
7.14 (2H, m, CH), 7.20-7.27 (3H, m, CH), 7.33-7.49 (5H, m, CH), 8.30 (1H, dd, J= 7.9, 1.7
Hz, CH), 8.35 (1H, s, CH), 8.64 (1H, dd, J = 4.7, 1.6 Hz, CH); *C NMR d¢; 113.5 (CHx2),
121.3, 121.5 (CH), 124.2 (C), 127.5 (CHx2), 127.9 (CH), 128.3 (CHx2), 128.7 (CHx2),
133.8 (CH), 137.3 (C), 148.5, 150.0 (CH), 157.8, 158.2 (C); IR 3060, 1591, 1489 cm;
HRMS (CI") caled for CigH1sN20; 275.1184. Found: 275.1188.

2-(4-Bromophenyl)nicotinaldehyde O-phenyl oxime 172.

From 2-(4-bromophenyl)nicotinaldehyde (196 mg, 0.75 mmol), following procedure A.
Brown solid, (198 mg, 75 %); mp 90-91 °C. 'H NMR (400 MHz, CDCls), 5; 6.95 (1H, t, J =
7.3 Hz, CH), 7.13 (2H, m, CH), 7.24 (3H, m, CH), 7.35 (2H, d, J = 8.6 Hz, CH), 7.54 (2H, d,
J=8.6 Hz, CH), 8.28 (1H, dd, J = 8.01, 1.7 Hz, CH), 8.31 (1H, s, CH), 8.63 (1H, dd, J = 4.7,
1.7 Hz, CH); °C NMR J¢; 114.5 (CHx2), 122.7 (CHx2), 123.7, 125.3 (C), 129.5 (CHx2),
131.4 (CHxx2), 131.8 (CHx2), 135.1 (CH), 137.3 (C), 149.2, 151.1 (CH), 157.6, 159.2 (C);
IR 3018, 1592, 1490 cm™; HRMS (CI*) calcd for CigH14N,0Brr; 353.0289. Found: 353.0283.

4-(3-((Phenoxyimino)methyl)pyridine-2-yl)benzonitrile 173.

From 4-(3-((phenoxyimino)methyl)pyridine-2-yl)benzonitrile (156 mg, 0.75 mmal),
following procedure A. Brown solid, (166 mg, 74 %); mp 100-102 °C. *H NMR (400 MHz,
CDCls), du; 6.99 (1H, t, J = 7.3 Hz, CH), 7.14 (2H, m, CH), 7.27 (2H, m, CH), 7.35 (1H, dd,
J=17.87,4.77 Hz, CH), 7.62 (2H, d, J = 8.38 Hz, CH), 7.73 (2H, d, J = 8.38 Hz, CH), 8.30
(1H, s, CH), 8.35 (1H, dd, J = 8.03, 1.7 Hz, CH), 8.70 (1H, dd, J = 4.68, 1.73 Hz); *C NMR
oc; 112.9 (C), 114.4 (CHx2), 118.5 (C),122.9, 123.4 (CH), 127.7 (C), 129.5 (CHx2), 130.5

113



Microwave Assisted Generation of Iminyl Radicals, Syntheses of N-Heterocycles. Chapter 2

(CHx2), 132.4 (CHx2), 135.4 (CH), 142.9 (C), 148.5, 151.2 (CH), 156.6, 159.1 (C); IR 3018,
2230, 1591, 1489, 1427 cm; HRMS (CI*) calcd for CigH1N3O; 300.1136. Found: 300.1137.

Benzo[h][1,6]naphthyridine 174.%

From 2-phenylnicotinal dehyde O-phenyl oxime (100 mg, 0.364 mmoal), following procedure
C. Brown solid, (43 mg, 66 %); mp 95-97 °C. *H NMR (400 MHz, CDCl3), éx; 7.60 (1H, dd,
J =80, 44 Hz, CH), 7.72 (1H, t, J = 7.6 Hz, 7.81 (1H, t, J = 7.6 Hz, CH), 8.20 (1H, d, J =
8.3 Hz, CH), 8.31 (1H, dd, J= 8.0, 1.8 Hz, CH), 9.10 (1H, d, J = 8.0 Hz, CH), 9.14 (1H, dd, J
= 4.4, 1.8 Hz, CH), 9.27 (1H, s, CH); *C NMR d¢; 120.3 (C), 120.7 (CH), 125.1 (C), 127.6,
127.8, 129.2, 129.4, 140.8 (CH), 146.2, 147.4 (C), 151.6, 152.4 (CH); IR 1589, 1440 cm™;
HRMS (CI™) caled for CioHgN»; 181.0766. Found: 181.0761.

8-Bromobenzo[h][1,6]naphthyridine 175.

From 2-(4-bromophenyl)nicotinaldehyde O-phenyl oxime (100 mg, 0.283 mmoal), following
procedure C. Brown solid, (46 mg, 63 %); mp111-113 °C. *H NMR (400 MHz, CDCl3), dy;
7.60 (1H, dd, J = 8.1, 4.5 Hz, CH), 7.79 (1H, dd, J = 8.8, 2.2 Hz, CH), 8.28 (1H, dd, J = 8.1,
1.8 Hz, CH), 8.31 (1H, d, J = 2.0 Hz, CH), 8.94 (1H, d, J = 8.7 Hz, CH), 9.11 (1H, dd, J =
4.5, 1.7 Hz, CH), 9.23 (1H, s, CH); *C NMR d¢; 120.9 (C), 123.1 (CH), 124.2, 124.5 (C),
125.3, 131.0, 131.9, 136.2 (CH), 147.4, 148.3 (C), 153.7, 153.9 (CH); IR 1585, 1440, cm™;
HRMS (CI™) calcd for CioHgN,Br; 258.9871. Found 258.9870.

Benzo[h][1,6]naphthyridine-8-carbonitrile 176.

From 4-(3-((phenoxyimino)methyl)pyridine-2-yl)benzonitrile (100 mg, 0.334 mmoal),
following procedure C. Brown solid, (47 mg, 68 %): mp 116-118 °C. *H NMR (400 MHz,
CDCl3), dy; 7.30 (1H, dd, J = 8.1, 4.4 Hz, CH), 7.88 (1H, dd, J=8.51, 1.7 Hz,), 8.35 (1H, dd,
J=8.1, 1.8 Hz, CH), 8.48 (1H, d, J = 1.4, CH), 9.17-9.20 (2H, m, CH), 9.34 (1H, s, CH); *C
NMR dc; 112.7, 117.5, 120.9 (C), 123.2, 124.3 (CH), 127.5 (C), 128.2, 133.6, 135.3 (CH),
144.8, 146.7 (C), 153.0, 153.5 (CH); IR 2228, 1586, 1440 cm™; HRMS (CI*) calcd for
Ci3HsN3; 206.0718. Found: 206.0728.
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4-(1H-indol-3-yl)butan-2-one 179.%?

To amixture of indole (1.0 g, 8.5 mmal), buten-3-en-2-one (0.59 g, 8.5 mmol) in DCM (25
mL), at room temperature was added ZrCl, (45 mg, 0.2 mmol) and the reaction mixture was
stirred for 30 min. After completion of the reaction, asindicated by TLC, the reaction mixture
was diluted with water (20 mL) and extracted with DCM (3 x 20 mL). The organic phase was
washed twice with saturated brine solution and dried over MgSO,. The solvent was
evaporated and the residue chromatographed on silica gel to give the product as a white solid
(1.41 g, 89% yield); mp 70-72 °C. *H NMR (400 MHz, CDCl3), dy; 2.18 (3H, s, CH3), 2.88
(2H,t, J=7.3 Hz, CH,), 3.10 (2H, t, J = 7.3 Hz, CH,), 6.99 (1H, m, CH), 7.15- 7.28 (2H, m,
CH), 7.37 (1H, d, J = 8.2 Hz, CH), 7.63 (1H, d, J = 7.8 Hz, CH), 8.09 (1H, s, NH); *C NMR
5c; 19.4 (CH,), 29.9 (CHs), 44.0 (CH,), 111.1 (CH), 115.0 (C), 118.6, 119.2, 121.5, 122.0
(CH), 127.0, 136.2, 208.9 (C); IR 3479, 1712, 1457 cm™.

4-(5-Bromo-1H-indol-3-yl)butan-2-one 180.%*

To a mixture of 5-bromo-1H-indole (2.0 g, 17 mmol), but-3-en-2-one (1.18 g, 17 mmol) in
DCM (40 mL), at rt was added ZrCl4 (90 mg, 0.4 mmol) and the reaction mixture was stirred
for 30 min. After completion of the reaction, as indicated by TLC, the reaction mixture was
diluted with water (30 mL) and extracted with DCM (3 x 20 mL). The organic phase was
washed twice with saturated brine solution and dried over MgSO,. The solvent was
evaporated and the residue chromatographed on silica gel to give the product as a white solid
(3.7 g, 82 %); mp 71-73 °C. *H NMR (400 MHz, CDCls), 6y; 2.17 (3H, s, CHs), 2.84 (2H, t,
J=7.3 Hz, CHy), 3.01 (2H, t, J = 7.3 Hz, CHy), 7.00 (1H, m, CH), 7.22-7.30 (2H, m, CH),
7.63 (1H, m, CH), 8.11 (1H, s, NH) ; *C NMR d¢; 19.0 (CH5), 30.1 (CHs), 43.9 (CH,), 112.5
(CH), 112.6, 114.9 (C), 121.3, 122.8, 124.8 (CH), 128.9, 134.9, 208.5 (C); IR 3475, 1711,
1459 cm™.,

4-(1H-indol-3-yl)butan-2-one O-phenyl oxime 181.

From 4-(1H-indol-3-yl)butan-2-one (140 mg, 0.75 mmol), following procedure A. Yelow
solid, (141 mg, 68 %); mp 48-50 °C; two isomers (1:3). 'H NMR (400 MHz, CDCls), dy;
1.88/1.99 (3H, s, CH3), 2.65/2.83 (2H, m, CH,), 2.97/3.00 (2H, m, CH,), 6.88-6.93 (2H, m,
CH), 7.02-7.14 (4H, m, CH), 7.17-7.26 (3H, m, CH), 7.58/7.54 (1H, d, J = 7.9 Hz, CH), 7.79
(1H, s, NH); 3C NMR d¢; 15.0/20.4 (CHs), 21.6/22.0 (CH,), 36.5/36.7 (CH,), 111.3 (CH),
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114.7 (CHx2), 115.4 (C), 118.8, 119.4, 121.3/121.5, 121.8/121.9, 122.1/122.2 (CH), 127.4
(C), 129.3 (CHx2), 136,6, 159.7, 161.5/162.3 (C); IR 3421, 1589, 1489 cm'’; HRMS (CI*)
calcd for CigH1eNLO; 279.1497. Found: 279.1496.

4-(5-Bromo-1H-indol-3-yl)butan-2-one O-phenyl oxime 182.

From 4-(5-bromo-1H-indol-3-yl)butan-2-one (199 mg, 0.75 mmol), following procedure A.
Brown solid, (190 mg, 71 %); mp 50-52 °C. *H NMR (400 MHz, CDCls), dy; 1.84/1.96 (3H,
s, CH3), 2.58/2.76 (2H, t, J= 7.4 Hz, CH>), 2.89 (2H, m, CH,), 6.80/6.93 (2H, m, CH), 6.99-
7.21 (6H, m, CH), , 7.63/7.69 (1H, d, J= 1.9 Hz, CH), 7.83 (1H, s, NH); *C NMR dc;
14.0/19.2 (CHs), 20.3/20.6, 29.4/35.2 (CH,), 111.5 (C), 111.6 (CH), 113.6 (CHx2), 113.8
(©), 120.3, 120.8, 121.5, 121.7, 123.8 (CH), 128.0 (C), 128.2 (CHx2), 133.8, 161.1, 160.8
(C); IR 3430, 1589, 1489 cm™*; HRMS (CI*) calcd for CiH27N,O.Br; 379.0419. Found:
379.0418.

2-Methyl-9H-pyrido[2,3-b]indole 183.%%

From 4-(1H-indol-3-yl)butan-2-one O-phenyl oxime (100 mg, 0.359), following procedure C.
Brown solid, (39 mg, 59 %); mp 219-220°C. 'H NMR (400 MHz, CDCls), y; 2.67 (3H, s,
CHj3), 7.00 (1H, d, J= 7.8 Hz, CH), 7.18 (1H, m, CH), 7.43 (2H, m, CH), 7.95 (1H,d, J=7.7
Hz, CH), 8.17 (1H, d, J = 7.8 Hz, CH), 9.42 (1H, s, NH); **C NMR dc; 24.2 (CH3), 111.3,
115.3 (CH), 115.5 (C), 120.4, 120.7 (CH), 120.8 (C), 126.6, 129.4 (CH), 139.5, 143.8, 146.3
(C); IR 1602, 1456, 1417 cm™; HRMS (CI*) caled for C1oH11N,; 183.0922. Found: 183.0928.

6-Bromo-2-methyl-9H-pyrido[2,3-b]indole 184.

From 4-(5-Bromo-1H-indol-3-yl)butan-2-one O-phenyl oxime (100 mg, 0.280 mmol),
following procedure C. White solid, (34 mg, 47 %); mp 233-235 °C. *H NMR (400 MHz,
CDCl3), du; 2.64 (3H, s, CH3), 7.16 (1H, d, J = 7.9 Hz, CH), 7.48 (1H, d, J = 8.4 Hz, CH),
7.57 (1H, dd, J = 8.6, 1.9 Hz, CH), 8.40 (1H, d, J = 1.8 Hz, CH), 8.47 (1H, d, J = 7.8 Hz,
CH), 11.8 (1H, s, NH); *C NMR é¢; 25.0 (CH3), 113.5, 115.5 (CH), 122.7 (C), 123.7 (CH),
127.3 (C), 128.6, 129.7 (CH), 137.2, 145.9, 152.0, 156.1 (C); IR 3128, 2931, 1607, 1455

cm™.
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2-((1H-Indol-3-yl)methyl)cyclohexanone 187.

A solution of gramine (2 g, 11.5 mmol) and 1-(1-(cyclohexen-1-yl)pyrrolidine (1.74 g, 11.5
mmol) in dioxane (20 mL) was heated under reflux for 24 h. The mixture was poured into
water (25 mL) and stirred for 30 minutes. The emulsion was extracted with DCM (3 x 15 ml).
The organic layer was dried over MgSO, and concentrated in vacuo and the residual oil was
subjected to column chromatography over silica gel (5% EtOAc/hexane) to yield a brown
solid, (2.03 g, 78 %); 48-50 °C. *H NMR (400MHz,CDCls), dy; 1.44 (1H, m, CHy), 1.54-1.78
(2H, m, CHy), 1.83 (1H, m, CHy), 2.04-2.19 (2H, m, CHy), 2.37 (1H, m, CH), 2.48 (1H, m,
CH,), 2.68 (2H, m, CH, CH>), 3.36 (1H, m, CH,), 7.03 (1H, d, J = 2.3 Hz, CH), 7.14 (1H, t, J
=7.3Hz, CH), 7.22 (1H, t, J = 7.4 Hz, CH), 7.38 (1H, d, J = 8.0 Hz, CH), 7.59 (1H, d, J =
7.8 Hz, CH), 8.06 (1H, s, NH); °C NMR dc; 24.7, 25.0, 28.1, 33.9, 42.3 (CH,), 51.5, 111.2
(CH), 114.1 (C), 118.8, 119.2, 121.9, 122.6 (CH), 127.7, 136.2, 213.6 (C); IR 3412, 3055,
2936, 1702, 1456 cm™; HRMS (CI") caled for Cy5H17NO; 227.1310. Found: 227.1314.

2-((1H-Indol-3-yl)methyl)cyclohexanone O-phenyl oxime 188.

From 2-((1H-Indol-3-yl)methyl)cyclohexanone (170 mg, 0.75 mmol), following procedure
A. Brown gum, (167 mg, 70 %); two isomers (4:1). *H NMR (400 MHz, CDCls), d; 1.34-
3.98 (11H, m, CH,, CH), 6.86-7.30 (9H, m, CH), 7.55/7.70 (1H, d, J = 7.8 Hz, CH),
7.80/7.86 (1H, s, NH); °C NMR d¢; 24.0, 25.3, 26.5, 26.5, 32.8 (CH,), 43.2, 111.1 (CH),
113.8 (C), 114.5 (CHx2), 119.0, 119.3, 121.5, 121.9, 122.5 (CH), 129.3 (CHx2), 127.8,
136.3, 159.8, 165.9 (C); IR 3421, 2933, 1590, 1488 cm™*; HRMS (CI*) calcd for CoiH2N,0;
318.1731. Found: 318.1745.

6H-1,2,3,4-Tetrahydroindolo[2,3-b]quinoline 189.%

From 2-((1H-Indol-3-yl)methyl)cyclohexanone O-phenyl oxime (100 mg, 0.314 mmal),
following procedure C. Brown solid, (48 mg, 69 %); mp 220-221 °C. *H NMR (400 MHz,
CDCl3), oy 1.79-1.98 (4H, m, CHy), 2.90 (2H, t, J = 6.11 Hz, CH,), 3.10 (2H, t, J = 6.5 Hz,
CHy), 7.16 (1H, t, J = 7.4 Hz, CH), 7.36 (1H, t, J = 7.5 Hz, CH), 7.43 (1H, d, J = 8.1 Hz,
CH), 7.91 (1H, d, J = 7.7 Hz, CH), 7.96 (1H, s, CH), 10.20 (1H, s, NH) ; *C NMR d¢; 22.2,
22.2, 28.0, 31.7 (CHy), 110.2 (CH), 113.9 (C), 118.8, 119.6 (CH), 120.1, 122.8 (C), 125.4,
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1285 (CH), 137.9. 149.4, 152.5 (C); IR 3128, 2931, 1609, 1458 cm':; HRMS (CI*) calcd for
CisH1sNy; 223.1235. Found: 223.1231.
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1.0 Introduction.

1.1 Quinazolines.

Heterocyclic chemistry comprises at least half of all organic chemistry research
worldwide.! In particular, heterocyclic structures form the basis of many pharmaceutical,
agrochemical and veterinary products. 4(3H)-Quinazolinones 1 and related quinazolines 2 are
classes of fused heterocycles that are of considerable interest (Figure 1).

o) R!
" P
N/)\Rz N/)\RZ
1 :
Figurel

For quinazolines, an increase in potency over other Tyrosine Kinase inhibitors of 4-5
orders of magnitude has been demonstrated for the inhibition of isolated epidermal growth
factor receptor (EGFR) Tyrosine Kinase and 3-4 orders of magnitude for the inhibition of
cellular phosphorylation.? They have shown remarkable activity as antitubercular,® antiviral,*
and anticancer agents.” These have been used as DNA ligands® and also have shown binding
to benzodiazepines and adenosine receptors,” as well as being proved to be potent

antibacterial agents.®

The growing medicinal importance of these heterocycles is demonstrated in Figure 2,
where two top-selling drugs, Erlotinib and Prazosin are represented. Erlotinib® is a drug used
to treat non-small cell lung cancer, pancreatic cancer and several other types of tumors. It
specifically targets the epiderma growth factor receptor (EGFR) tyrosine kinase, which is
highly expressed and occasionally mutated in various forms of cancer. The other drug,
Prazosin,™ belongs to the class of apha-adrenergic blockers. It is selective for the alpha-1-
receptors on vascular smooth muscle and reduces blood pressure.
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B N/\
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MeO N Nz
MeO\/\O N/) OMe

NH,

Erlotinib Prazosin

Figure 2
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The quinazolines represent a useful natural product scaffold with demonstrated
activities against numerous disorders. The transferable nature of their properties provides a

strong rationale for the development of synthetic methods for their preparation.
1.2 Syntheses of quinazolines.

Studies on quinazoline compounds and quinazoline natural products have a long
history, however, remarkable progress in synthetic methodology applicable to syntheses of
quinazoline akaloids and related molecules has been attained during the last decade. These
efforts have led to several reviews emphasising the synthesis' and biological evaluation of

quinazolines.

The utilization of aza-Wittig methods for the synthesis of heterocyclic natura
products is spreading out to a variety of nitrogen heterocycles from simple akaloids to
complex functionalized natural products.* Ross et a.'* have utilized the tandem aza-
Wittig/6n-€lectrocyclization principle for synthesis of quinazoline rings 4 and 5 starting from

N-imidoyl iminophosphorane 3 (Scheme 1).

N _Ph
NY Ph RCHO N\\|/ Fh . N
Me Ny - N e &

\PPhg Me
R R
f 4 5
N._Ph
g g4
,)QN + PhPO ——> M N
(§]
Me Rr/ 1R

Scheme 1

Erba et al.* employed a three-component reaction to form 2-alkylquinazolines from
the reaction of amidines with ammonia. In the first step, an adehyde was reacted with
morpholine and, subsequently, with an aryl azide to afford the triazolines 6. On exposure to a
saturated ethanolic solution of ammonia in a sealed vessel at 150 °C, the triazolines were

converted into the desired quinazolines 7 (Scheme 2).

Rl

morpholine

OHCﬁ Toluene, rt, 4 h. N O\) COR2 \[;C
RU COR? “EoH, 150°C AR
i :N

7

Scheme 2
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A condensation methodology of cyano- and nitro-activated o-fluorobenzal dehydes 8
with amidines 9 to give a variety of quinazoline derivatives 10 has been introduced by
Kotsuki and co-workers.™ This method involves tandem imine formation with the aldehyde
function and an intramolecular nucleophilic aromatic substitution at the fluorine-substituted
carbon centre (Scheme 3).

Rl

1 X /& N
So R N“ NH |acn )N\
+ HN# —_— — N/ Rl
F NH,HCI U reflux
R=CN,NO,
8 9 10

Scheme 3

Recently, there has been a renewal of interest in 4-arylamino-quinazolines, owing to
reports of their high biological activity as potential antitumour agents.® In May 2003, the US
Food and Drug Administration (FDA) approved the first epidermal growth factor receptor
inhibitor, Iressa, for the treatment of lung cancer, further highlighting the importance of the

4-anilinoquinazolines in medicine (Figure 3).

MeO N

| ressa

Figure3

Szczepankiewicz et a.'’ have extensively studied the synthesis of 4-arylamino-
quinazolines. Amidines 13 are readily synthesised from the reaction of 2-aminobenzonitrile
11 with aniline 12 and anhydrous aluminium chloride. The 2-amino-N-arylbenzamines 13
furnished the 4-aryl-aminoquinazolines 14 in good yields when heated with 85 % formic acid
(Scheme 4).

=
NS iR
oN 85 % HCO,H HN
P N@ 90°C,2 h SN
0 0 / R /)
NH, 180 -200°C NaOH N
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Scheme 4
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This reaction can only be applied to the synthesis of 2-unsubstituted 4-arylamino-
quinazolines. Szczepankiewicz's group™ modified its procedure so that the 2-amino-N-
arylbenzamide 15 employed could be reacted with benzaldehyde or its ring-substituted
derivatives to afford the 2-aryl-4-arylimino-(1H)-2,3-dihydroquinazolines 16. Treatment of
these dihydroquinazoline derivatives with potassum permanganate afforded the

corresponding aromatic quinazolines 17 (Scheme 5).

/_'R = | R = | R
N T T
N N X HNT X
[j\NHZ RCHO NH KMnO, N
NH ethanol, reflux N R Me,CO N/)\ -
2 H H rt, 24 h.
15 16 17
Scheme5

2,4-Dihydroxyquinazolines have also been subjects of interest. Mizuno and
coworkers™ developed a synthesis of quinazolines 19 using 2-aminobenzonitrile and carbon
dioxide in the presence of DBU under mild conditions. Carbon dioxide reacts with 2-
aminobenzonitriles 18 in the presence of a suitable base to generate the carbamate salt 20.
This is followed by nucleophilic cyclisation with attack of the carbamate oxygen on the
nitrile functionality. A rearrangement then occurs to afford the intermediate 21, which is
protonated to yield the desired 2,4-dihydroxyquinazolines 19 (Scheme 6).

OH

RY CN DBU R \
o e > 1

~

R2 18 NH, DMF, rt, 24 h R2 13 OH

- i f
X N N 0"

R c” __ RL RL
UL — O =0y
2

R H O R? H 0 R2 H 0

20 21

Scheme 6

The research of Bergman et al.* demonstrated that 2-aminobenzonitrile reacted with
Grignard reagents and the resulting intermediate 22 was useful in accessing a variety of
important quinazoline derivatives. Cyclisation of the intermediate 22 after reaction with acid
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chlorides and anhydrides produced the respective quinazolines in moderate to good yields
(Scheme 7). R

7 1
_ R'COX )\
N~ R!

R

SN
@[ RMgX @[ NMgBr R
NH, NHMgBr | _(CO:Ey ©\)sN
P
Ny

(0]

22

Scheme 7
Other quinazolines, which congtitute key intermediates in syntheses of numerous
biologically active compounds, are the 2,4-dichloroquinazolines. Lee et a.** exploited the
differential reactivity of 2,4-dichloroquinazoline derivatives 24 as part of their structure-
activity relationship studies of phosphodiesterase inhibitors. The 6-substituted quinazoline-
2,4-diones 23 were readily prepared from the anthranilamides by treatment with phosgene.
The substituted 2,4-dichloroquinazoline was prepared in excellent yield by refluxing the 6-

substituted quinazoline-2,4-dione 23 in phosphorus oxychloride (Scheme 8).

R
\dk _ceoct \©\)J\ __POCIy Cﬁ\
N N/\

24
Scheme 8

The widespread acceptance and use of high throughput screening technologies for the
purpose of drug discovery and development has created an unprecedented demand for small
molecules. Combinatorial chemistry, especially on solid support, plays an important role in
increasing the efficiency of organic syntheses. Wilson et a.* developed a solid-supported
method for the formation of the 2,4-diaminoguinazoline ring system. The a-1 antagonist
Prazosin 29 was synthesised in good yield and purity. The reaction of 2-amino-4,5-
dimethoxybenzonitrile 26 dissolved in N-methylpyrrolidinone with the acyl isothiocyanate
resin 25 produced the intermediate 27. This was followed by the addition of the appropriate
amine, in this case, 1-(2-furoyl)-piperazine, in the presence of EDC to furnish the resin-bound
guanidine 28. The optimal ring closure and cleavage conditions yielded Prazosin 29 in 70 %
yield (Scheme 9).
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1.3 Microwave-assisted syntheses of quinazolines.

Although the area of microwave-assisted chemistry is 20 years old, the technique has
only recently received widespread global acceptance. This is a consequence of the recent
availability of commercial microwave systems, specially designed for synthesis, which offer
improved opportunities for reproducibility, rapid synthesis, rapid reaction optimisations and
the potential discovery of new chemistries. The beneficial effects of microwave irradiation
are finding an increased role in process chemistry, especialy in cases when usua methods
require forcing conditions or prolonged reaction times. The various opportunities offered by
microwave technology are particularly attractive for the synthesis of aromatic quinazolines
implied in drug discovery strategies, where fast high yielding protocols and the avoidance or
facilitation of purification are highly desirable.

Examples of syntheses, particularly microwave-assisted syntheses, of the nude
quinazoline core are very rare in the literature. A recent report of Chilin and co-workers®®
described a rapid and efficient protocol based on the use of cycles of microwave irradiation
under pressure in a monomode reactor. In this work the entire pyrimidine ring is built from
simple anilines after N-protection of ethyl carbamates. Reaction of the aniline with
hexamethylenetetramine (HMTA) in trifluoroacetic acid (TFA), followed by treatment with
potassium ferricyanide in agueous ethanolic potassium hydroxide afforded the quinazoline

system in good yields (Scheme 10).
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Rl RY  COEt R
2 2
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Scheme 10

The use of 4-aminoquinazolines®® substituted in position 2 of the pyrimidine moiety
as fungicides, anti-inflammatory, anti-cancer, anti-microbial and anti-hypertensive agents can
explain the recent interest of research groups for microwave-assisted synthesis of these rings.
Seijas and co-workers™ described the rapid and efficient synthesis of 4-amino-2-
arylquinazolines. In this process, cyano-aromatic compounds reacted with anthranilonitrile in
the presence of catalytic amounts of base. The reactions were performed at 1000 W in a
domestic microwave oven and require only a very short heating time 1-3 minutes (Scheme
11).

NH,
SN
N/)\R

10 examples 73-93 %

MW

t-BuOK 10 % molar
MW 1000W, 1-3 min.

CN
SR
NH,

Scheme 11

Han et al.?® have developed a high-yielding and straightforward method for the
synthesis of 4-aminoquinazoline derivatives using microwave irradiation in their search for
novel compounds with pharmaceutical value and expanding application of formamidines in
organic synthesis. Reaction of N-(2-cyanophenyl)-N,N-dimethylformamidine derivatives and
amines in acetonitrile with a catalytic amount of acetic acid under microwave conditions

afforded 4-aminoquinazolinesin very high yield (Scheme 12).

3
CN HN'R
N NMe,
X X XN
RZ—!- + RONH CHLCN/HOAC R RAL
Cx g > L ?
/\Rl MW oD N
160°C, 10 min.
20 examples 70-96 %
Scheme 12

Recently, Mahajan et al.%” developed a solvent-free and catalyst free approach towards

the selective synthesis of quinazolines and benzo[g]quinazolines. Using a domestic

microwave oven, the authors reported the solvent-free condensation of N-arylamidines with
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various adehydes in the absence of any Lewis acid catalyst. The desired quinazolines were

exclusively formed in excellent yields after 15 minutes of irradiation (Scheme 13).

N, Jij
Ny s MW (200 W) X
O/ + RCHO —— 5 N
Rl NH2 Rl

15 min

5 examples, 70-77 %
Scheme 13

The most recent convenient synthetic approach to 2,4-disubstituted quinazolines was
published by Taddei and co-workers.”® 2,4-Dialkyl or aryl quinazolines were prepared in
three steps starting from easily avalable anilides. A photochemically induced Fries
rearrangement of the anilides gave several ortho-aminoacylbenzene derivatives that were
acylated at the NH,. These acylamides underwent rapid cyclization to 2,4-disubstituted
guinazolines in the presence of anmonium formate under microwave heating (Scheme 14).

1 1
i =2 R R? R
\\ Rl hv | A 0] R3C0C| | AN NN
L N”ko > SN HCO,NH, _ N/)\R3
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9 exampl es, 51-78 %
Scheme 14

Studying the regioselective addition of Grignard reagents to 2,6-dicyanoanilines,
Narsaiah and co-workers® described the microwave-assisted cyclization of the intermediate
imines to provide in good yields novel 2,4-disubstituted quinazolines with various groups on

the benzenic part of the aromatic core.

CF3 CF3
CN CN
RY NH RY N
2 i 7 examples
s, 69-75%
CF3 HN™ "Ph P N R
CN  phmgar . R2CHO .
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4-9min
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Ph L Te88%
1 1 = 2
R NH, R N” "R
CN CN
Scheme 15
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Studying possible extension of the scale of microwave assisted processes, Besson et
al.*° described ten years ago the expeditious route to 4-alkoxyquinazoline-2-carbonitrile using
a focussed microwave reactor. After preliminary investigation, this group studied the
conversion of N-arylimino-4-chloro-5H-1,2,3-dithiazoles into quinazolines in the presence of
sodium alkoxide in the corresponding alcohol (Scheme 16).

cl

N N
O \\(\(N R?0OH, NaH - Rl—!\ N

29 MW (300W), 35-120 min A~ N
OR?

11 examples, 31-80 %

RYF

Scheme 16

Microwave irradiation of the solutions in open vessels in monomode systems with
focused irradiation and continuous temperature control gave, faster, cleaner and higher
yielding reactions compared with the conventional conditions. These experiments could be

safely scaled up to multigram quantitiesin a large reactor.

In the search for new bioactive heterocycles, inspired by various marine natura
akaoids, the rapid synthesis of various derivatives of indolo[1,2-c]quinazolines and
benzimidazo[ 1,2-c]quinazolines have been described. The products were obtained by
condensation of appropriate diamines with benzothiazole-2-carbonitrile substituted on the
benzenic part. In this study, the use of graphite as a thermal accelerator enabled ready access
to the desired product (Scheme 17).%

3 . P

I Y W
N‘X\ ) W R@[:%CN + —»M
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N
X
N X
Re RIS
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8 examples 54-68 % MW: graphite (10 %), 150 °C, 150W, 30-240 min 8 examples 58-73 %

Scheme 17

Another multistep protocol that initially involves the formation of quinazolines has
been described by Besson and co-workers® in the context of synthesizing 8H-
guinazolino[4,3-b]quinazolin-8-ones via double Niementowski condensation reaction. In the
first step of the sequence, an anthranilic acid was condensed with formamide under open-

vessel microwave conditions. Subsequent chlorination with excess POCI3, again under open-
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vessel conditions, produced the anticipated 4-chloro-quinazoline derivatives, which were
subsequently condensed with anthranilic acids in acetic acid to produce the tetracyclic 8H-

guinazolino[4,3-b] quinazolin-8-ones (Scheme 18).

RZ
Rl
Cl NTX
1 R anthranilic acid |
R t@co tormam1de neat Cﬁj\NH POCl;, neat SN AcOH R! N0
—_—
R2 NIL MW, 150 °c R2 2 MW, 100°C g2 N/) MW, 100°C o2 >
2 ? R N
15-40 min 10 min 10 min
4 examples 70-90 % 4 examples 70-90 % 8 examples 41-81 %
Scheme 18

The examples described above demonstrate that microwave-assisted syntheses can
allow easy and rapid access to various aromatic heterocyclic compounds, which may have

interesting pharmaceutical potential.
1.4 Radical addition onto imine derivatives.

The addition of free radicals to alkenes has been thoroughly investigated and many
synthetic strategies employ this methodology. However, radical addition to imines and
related compounds has only emerged as a useful synthetic process since the 1980’s. Friestad
has compiled arecent review on addition reactions to imines and related compounds.®

Oxime ethers and hydrazones are by far the most commonly used radical receptors
among the various C=N-containing functional groups. Imines can be used, but they are more
difficult to handle since they are more prone to hydrolysis and tautomerization than the
oximes and hydrazones. Furthermore, imines have slower radical addition rates as Figure 4
shows. Nevertheless, the efficiency of C=N bonds as radical traps can be anticipated based on
the kinetic data.**

_QN,X . Q)n

HN-x

n=1 n=2
X =Bn 6.2x 10851 6.7x 10°s?
X = O0Bn 42x10" st 2.9x10°%s?
X =NMe, 7.6x 10’ st 31x10°st

Figur e 4. Kinetic datafor ri ng closure of akyl radicals.
Data obtained at 80°C.
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Since an amino group is one of the most important functional groups in organic
chemistry, radical reactions using C=N bonds as radical traps have attracted a great deal of
attention. Synthetic applications of radical additions to C=N bonds are summarized in
Scheme 19. By far the most common application is reductive addition to obtain amines.
Moreover, specialized functional groups have been developed as radical acceptors for tandem
processes involving addition followed by fragmentation of bonds at either the N-terminus or

C-terminus of the original C=N bond.

H JN\ X
. VY
reduction
N-X additiona C .N’x fragmentation of C-Y J’\IX
| + R2 —_———— 2 . t 1 2
RlJ\Y RlJVYR R R
additiona N
1; ;agr_rll\lmtati on RI/VY R2 —=
Ro _X further radical
N chemistry

RT Y Scheme 19

Attack at carbon of the C=N bond is almost exclusively observed, especially in oxime
ethers and hydrazones where the stabilizing three-electron n-bond in the adduct aminyl
radical could effect stabilization on the transition state (Scheme 20).

3-electron z-bonding interactions possible

Ph . ||3h
. . -OBn . N
Nl’X R2" N N N N
Rt - RlJ\ R RIJ\ R? R R2
X =Bn, OBn or NPh, fromimine fromoximeether from hydrazone
Scheme 20

On the other hand, the regiosel ectivity of radical addition onto imines has been subject
to study during recent years. One might envision that radical addition to the C=N bond could
occur with attack at nitrogen to give a a-amino radical, which should be stabilized by the
adjacent nitrogen (Scheme 21). The competition between 5-exo and 6-endo cyclization of
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alkyl, aryl and acyl radicals onto imines has been deeply studied to examine thisissue, as will

be shown later.

3-electron z-bonding interactions possible

i R 0
R bE
/:\ .o N
6-endo cyclization 5-exo cyclization
attack at carbon attack at nitrogen
Scheme 21

1.4.1 Iminesasradical acceptors.

As expected from the kinetic data and the stabilizing factors shown above, imines are

less effective as radical traps than oxime ethers or hydrazones.

An early example of an intramolecular addition onto an imine bond was reported by
Takano and co-workers® as a key step in their synthesis of the Cryptostyline alkaloids.
Cyclisation of the aryl bromide 30 gave the isoquinoline skeleton 32 as a major product from
a 6-endo addition to form the aminyl radical 31 from addition to the carbon centre of the
imine bond. The alternative pathway, the 5-exo cyclization, was the minor route and afforded
the dihydroindole 33 in 10 % yield (Scheme 22).

n-BusSnH

> L
AIBN O

Scheme 22

Warkentin and coworkers® have also studied this pattern of reactivity. They reported
a large 6-endo preference for the cyclisation of an aryl radica onto an aldimine receptor.
Cyclization of the bromide 34 is a typica example, and afforded a 70 % yield of 35
accompanied by lesser amounts of the 5-exo product 36 and the reduced starting material 37
(Scheme 23). The formation of the corresponding C-C single bond is favoured over the
corresponding C-N bond by approximately, 10 kcal/mol.*” In addition the geometry inherent

in the imine functiona group, with a C-C=N angle of approximately 119° is more suited to
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endo addition than, for instance, the alkene with a larger angle of approximately 125° 3

where the 5-exo is favoured.

@ n-BusSnH ©\/>
—»
BrNﬁ AIBN NH N z
Bn Ph

Ph
70% 15 % 14 %
34 35 36 37
Scheme 23

Despite numerous examples of radical additions to C=N bonds, there have only been
a few cases where addition occurs at the nitrogen. A stabilizing 3-electron interaction of the
forming aminyl radical with non-bonding electrons on either oxygen or nitrogen is generally
invoked to explain the facility of radical addition to oxime ethers and hydrazones. In the case
of imines, this ‘radical a-effect’ is not possible, thus it is surprising that addition does not
often occur at nitrogen, given the stabilization available through interaction of the adduct a-
aminyl radical with the non-bonding electron pair on nitrogen. In the cases of additions at
nitrogen known to date, additional stabilizing groups, conformational restriction, severe steric
hindrance, or polar effects are present to further promote attack at nitrogen.

In an early example Takano et a.* showed that in the ketimine derived from
acetophenone and benzophenone the free radical centre added exclusively to the nitrogen of
the azomethine in a 5-exo fashion. Generally this pathway is disfavoured, but the extra steric
hindrance, together with the resonance stabilizing effect of the two phenyl rings 38, led to the
exclusive formation of theindole 39 (Scheme 24).

MeO MeO MeO
N Ph n'BU3an +
—_ =
MeO Br Y AIBN MeO N MeO NH
Ph P!R\Ph Ph Ph

59 % 0%
38 39 40
Scheme 24

More recently, Johnston and coworkers® reinvestigated aryl radical additions to
azomethine with the expectation that use of a C-N n-bond would provide a base-free aryl

amination method expected to be relatively insensitive to electronic effects. They applied the
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aryl radical cyclization via the 5-exo mode onto imines in the enantioselective synthesis of

indoline a-amino acids 41 (Scheme 25).

1 CsOH H,O AN
O\/\ ’Bu catalyst Rmcoleu

2 nBusSnH, AIBN )\
Ph

41
Scheme 25

Bowman et a.* investigated the cyclization of various primary radicals generated
from phenyl selenides onto diverse imines. Representative examples included the cyclization
of 42 (n = 1) to give the 5-exo product 43 in 47 % yield and the 6-endo heterocycle 44in 5 %
yield. In the case of 42 (n = 2), the only product arose from 6-exo cyclization to give 44 in 43
% yield. Reversal of the regiochemistry of the imine bond led to the investigation of 45. In
the case for n = 1 the major 5-exo cyclization product 46 was formed in 42 % yield compared
to 18 % for the 6-endo product. With the longer chain (n = 2) none of 47 was formed
(Scheme 26).

CH Bn
NH
IM) - (D Bn
a4
n=1 47 % 5%
n=2 43 %
CIZHan
PhSe _N N/CHan
M _— (QNHCHZBH +(
n
45 46 47
n=1 42 % 18%
n=2 0%

Scheme 26

Frey and coworkers* proved the feasibility of a radical mechanism involving the 3-
exo cyclisation of a primary radical to the N=C bond followed by ring opening to the most
stable radical by performing the reaction under tin hydride conditions (Scheme 27).

Me Me Me
N A N
[+ P —
~ AIBN N COMe Nz COOMe
Ph * >Ph
Scheme 27
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Recently Johnston et a.** have introduced the first examples of free radical-mediated
vinyl amination by non-conventional vinyl radical addition to azomethine nitrogen (Scheme
28).

49 50
Scheme 28

The addition of vinyl radicals to the nitrogen of an azamethine provides a pH-neutral
method for directed, regioselective enamine formation. Furthermore, the vinyl radical
intermediate may be formed either directly or as part of a tandem series of bond-forming
events.

Other interesting radical cyclisations onto imines have been extensively investigated
by Ryu and co-workers.** They described the regioselective addition of acyl radicals onto the
azomethine nitrogen. Cyclizations occur with high regioselectivity favouring the N-philic
mode for the synthesis of 4-, 5-, 6-, 7-, and 8-membered rings. The radical cyclization was
accomplished by using a tin hydride mediated carbonylation system using azaenyne as the
substrate, which led to a-stannylmethylenes (Scheme 20).

o O O
| ~ PN
7 CcO . = 6-
_’/\/\N/\R H(\/\NAR exo Yj\] R %\1 R
| Nphilic

polarity-matched

Scheme 29

By adding carbon monoxide to the reaction, they envisioned that in situ conversion of
the “polarity-mismatched” vinyl radical/imine combination to a “polarity-matched” a,f-
unsaturated acyl radical/imine combination would result in efficient cyclization leading to the
a-amino radical of a-methylene-substituted 6-lactams.

It has been proved, with the examples described above, that the additions of alkyl,
aryl, vinyl and acyl radicals onto imines, congtitute synthetically useful processes in the
syntheses of azaheterocycles. On the other hand, addition of iminyl radicals onto imines, has
not been reported so far. It could constitute an attractive approach for the synthesis of
heterocycles, such as quinazolines or benzopyrazoles.
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2.0 Results and discussion.

As has been shown in the previous chapter, microwave promoted thermolyses of O-
phenyl oxime ethers release iminyl radicals together with phenoxyl radicals. Microwave
irradiations of suitable O-phenyl oxime ethers with radical acceptors such as double and
triple bonds and phenyl groups constitute remarkable methods for the synthesis of a wide

range of nitrogen heterocycles.

We reasoned that other heterocyles could probably be made by using O-phenyl
oximes containing different types of radical acceptor in their side-chain. In particular, by use
of imine functionality in the side chain, di-aza-heterocycles might be accessible under mild,
neutral conditions with all the convenience and rapidity of a microwave-assisted process. The
O-phenyl oxime of 2-aminoacetophenone 52 can be made in high yield by treatment of the
ketone 51 with commercially available O-phenylhydroxylamine hydrochloride (Scheme 30).

@O PhONH, HCI @NJO%
NH, Pyridine, rt, 24h NH,

51 52
Scheme 30

Imines 53 could be made by condensation of aniline 52 with aldehydes in the
conventional way (route a, Scheme 31). Stirring both starting materials in DCM in the
presence of a drying agent at room temperature should afford the desired imine. As was
described earlier, the fact that imines are difficult to handle, due to their trend to hydrolysis
and tautomerization, makes azomethines the least commonly used radical acceptor among the
various C=N-containing functional groups. To overcome this problem, it was conjectured that

the imine forming condensation would also be promoted by microwaves.

It is widely reported that microwave irradiation assists imine formation.** This
procedure has been established as a standard method in the syntheses of secondary amines,
via microwave induced reductive amination.** There was a possibility therefore of
assimilating imine formation with radical generation thus enabling the whole sequence to be

combined in one pot (route b, Scheme 31).
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6 endo or/ 6 endo N
)\ and or 2N
R N” R
5 exo

Scheme 31

The regioselectivity is another potential problem associated with the imines. The

competition between the 5-exo and 6-endo radical ring closure onto C=N has been

extensively investigated.® Thus, this type of radical cyclization has limited use because of

poor selectivities associated with 5-exo versus 6-endo cyclisations. It was assumed, however,

that the architecture of iminyl radical 55 favours ring closure onto N=C bond in the 6-endo-

trig mode because the resultant aminyl radical 54 will be strongly resonance stabilised.

Furthermore, the combination of the nucleophilic iminyl radical and the nitrogen atom of

imines is polarity-mismatched. The combination of these two effects may lead to

regiospecific 6-endo cyclisation, as against the 5-exo mode, despite the possible 3-electron n-

bonding interaction 56 (Scheme 32).

Aromatic resonance stabilization

SN 6-endo
NJ\R Y
54

3-electron z-bonding interactions

N 5 exo N
> 0
55 56
Scheme 32
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2.1 Optimization.

The O-phenyl oxime ether 52 was prepared in 76 % yield as a mixture of E and Z
isomers by stirring 2-aminoacetophenone 51 with O-phenylhydroxylamine hydrochloride in
pyridine at room temperature. The fact that two isomers were present did not matter because
both released the same iminyl radical on scission of their N-O bonds (Scheme 33).

@ _ PhONH, HCI S\ OPh
Pyrldme rt, 24h NH,

76 % 52
Scheme 33

One equivalent of pent-4-enal 57 and oxime ether 52 were irradiated under microwave
conditions to test the outcome of this novel annulation sequence and the regioselectivity of

the process (Scheme 34).

X, ,:OPh ©\)\ ©\/<
N
+ o}
©\)\ ONNF 160°C )\/\/ Y/

NH, ol vent, emimPFg \\/\/

52 57 58 59
Scheme 34

The reaction was carried out in various solvents, with and without 1-ethyl-3-methyl-
1H-imidazol-3-ium hexafluorophosphate (emimPFg) as ionic liquid, and with different
concentrations of 52 and reaction times. It was expected, from previous results (Chapter 2)
that the optimal temperature for scission of the N-O bond and subsequent release of iminyl

radical would be 160 °C. The percentages of the cyclised species were monitored by NMR

spectroscopy (Table 1).
Run  Solvent Time(min) Concentration(M) IL Yields 58 / 59 (mol%)
1 Toluene 15 0.15 emimPF¢ 68/0
2 Toluene 20 0.15 emimPFg 74170
3 Toluene 25 0.15 emimPF 9/0
4 Toluene 30 0.15 emimPFg 94/0
5 Toluene 35 0.15 emimPF 88/0
6 Toluene 30 0.20 emimPF 81/0
7  Isopropanol 30 0.15 none 91/0
8 ‘BuOH 30 0.15 none 83/0

Tablel. Microwave-assited reactions of pent-4-enal with 52 at 160 °C.
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From the results of these experiments it was possible to draw a number of conclusions

regarding the mechanism, regioselectivity and optimum conditions of the process.

It was proved, that microwave irradiation of the phenyl oxime ether 52 and adehyde
57 in the best reaction conditions, afforded dihydroquinazoline 58 in an excellent yield. The
one-pot protocol proceeded by the syntheses of the imine intermediate 60, subsequent
generation of iminyl radical 61 and cyclization onto the imine, providing the aminyl radical
62. Hydrogen abstraction from toluene gave essentially quantitative production of
dihydroquinazoline 58 with an equal amount of phenol. The latter is formed by H-abstraction
from solvent by the phenoxyl radicals and is easily separated (Scheme 35).

Sy OPh o MW @(LN
NN - + PhOH
.
160 °C, 30 min, 0,15 M NW

NH,
Toluene, emimPF¢ H
52 57 58
l ;'Z:;iation T H abstraction

Xy OPh radical N 6-endo SN
N ¢ ) = W
. /\/\/ N

NW - PhO N
60 61 62
Scheme 35

If H-atom abstraction from solvent by the iminyl radical generated from 52 before
imine formation had been important, then 63a or its hydrolysis product 63b should have been
formed (Figure 5). Similarly, if H-atom abstraction from solvent by radical 61 had been faster
than ring closure then 64a, or its hydrolysis product 64b, should have been detected. In
practise none of 63a,b or 64a,b was observed. Imine production from 52 and an adehyde
takes place via a series of equilibriainvolving hemiaminal formation, water loss and various
protonation/deprotonation steps. The absence of 63a,b shows that the equilibria must be fast
in comparison with radical generation. Evidently, the imine intermediate is rapidly trapped by

the cyclisation step but the fast imine formation equilibria ensure a constant supply until

NH, NAR

63a X=NH 64 a x=NH
63b x=0 64bx=0

Figure §

reactant depletion setsin.
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At the same time, the plain fact that none of the benzopyrazole 59 had been detected,
confirmed the regiospecific character of the reaction. Iminyl radical 61 cyclised in a 6-endo
mode onto the C of the C=N giving aminyl radical 62 regiospecifically. It may be due to the
strong resonance stabilisation effect and the “polarity-mismatch” between iminyl radical and

the N of theimine, asit was discussed earlier.

Kinetic data for this particular type of ring closure are not available. However, the
known rate constant for 6-endo trig cyclisation of C-centred radicals onto C=N bonds,*® and
for iminyl radical onto C=C bonds,*’ suggest 61 —» 62 would be a fast process at 160 °C
with arate constant at least equal to that of a C-centred radical onto C=C bond and probably
greater because of the resonance stabilisation on 62. This is consistent with the absence of

compounds 64a,b (figure 5) in the product mixture.

Finally from the results described in Table 1, the optimal reaction conditions can be
defined. The solvent played a basic role in the radical process. The use of a poor hydrogen
donor solvent such as toluene or isopropanol alowed the iminyl radical, enough life-time to
cyclise. Both solvents proved to give good yields, however, isopropanol had the
inconvenience of its low boiling point and the microwave vial was exposed to high levels of
pressure. The ionic liquid emimPFs was used together with toluene, due to the poor
microwave absorption properties of this solvent. Entries 1-5 show that at 160 °C the reaction
needed an irradiation time of 30 minutes to achieve complete conversion but that at longer
times side reactions/degradative processes set in. However, for larger concentrations of

precursor 52 in toluene (entry 6) the yield fell off in 30 minute reactions.

The NMR spectrum of the total reaction mixture from entry 4 showed essentially
guantitative formation of dihydroguinazoline 58. This supported the mechanism shown in
Scheme 35 and indicated that this methodology could be applied as an efficient syntheses of

dihydroquinazolines.
2.2 Reaction with aldehydes.
2.2.1 Syntheses of 4-methyl 2-substituted dihydroquinazolines.

To assess the scope of the annulation, oxime ether 52 was reacted with a range of
commercialy available aldehydes under the optimal conditions established above, i. e. 0.15
M toluene solution with microwave irradiation at 160 °C for 30 min in the presence of
emimPFg asionic liquid (Scheme 36).
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X, .,OPh MW
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H

Toluene, emimPFg

52 63a XxX=NH
Scheme 36 63b x-o0

Reactions with aliphatic aldehydes delivered the corresponding dihydroquinazolines in
very high yields and none of the starting materials were found. Neither imine 63a, or its
hydrolysis product 63b was observed. The four steps involved in this process, imine
formation, iminyl radical generation, 6-endo radical cyclisation onto C=N and H-atom
abstraction from the solvent, proved to be extremely efficient (Table 2).

Run ﬁ:'dp;%% Dihydroquinazoline Yields (mol%)

L dm o
57

2 Ph._~_0 ©\)\ )\/\ 92
65

P e dm .
67

Table 2. Syntheses of dihydroquinazolinesviamicrowave assisted reaction of 52 and commercial
diphatic aldehydes Isolated yidds Reactions in PhMe, 0.15 M., enimPFg,160 °C, 30 minutes.

Reactions of oxime ether 52 with aromatic adehydes were next examined under the
same conditions. Microwave irradiation of 52 with benzaldehyde 69 gave a 72 % yield of the
corresponding dihydroquinazoline 70. The *H NMR spectrum of the total product mixture
showed dihydroquinazoline 70 and quantitative production of phenol, but also benzaldehyde
69, imine 63a and its hydrolysis ketone 63b. Two more reactions were carried out with
aromatic aldehydes and oxime ether 52. 4-Methoxybenzaldehyde 71 and thiophene-2-
carbaldehyde 73 gave dihydroquinazolines 72 and 74 in 51 % and 46 % yield respectively.
Both yields were determined by *H NMR because none of the desired compounds could be

isolated. In both cases the crude *H NMR showed a complex mixture of species, wherein the

145



Addition of Iminyl Radicals onto Imines; Syntheses of Quinazolines Promoted by Microwaves. Chapter 3

aldehyde starting materials 71 and 73 were present as well as imine 63a and ketone 63b.

However, phenol was formed quantitatively as was expected (Table 3).

Aromatic : : .
Run Aldehyde Quinazolines Yields
S S A > s S
0
H
69

0
\O BN
2 /©/\ ©\)\N b
MeO )\©\ 51 %)

N
H
71 72 OMe
/)
3 i) E;ﬁ)\@ 46 %!
H /
73 74

Table 3. syntheses of dihydroguinazolines viamicrowave assisted reaction of 52 and commercia
aromatic aldehydes [a] Isolated yields [b] Determined by *H NMR of crude reaction mixture.
Reactions in PhMe, 0.15 M, emimPFg, 160°C, 30 minutes.

It can be concluded from these results that for aromatic aldehydes, the reactions tended
to be incomplete and lower yields were obtained. Furthermore, the presence of unreacted
aldehyde starting material, inferred that the first step of the sequence, the imine formation,
was not completed. It may be due to a steric hindrance effect with the phenyl oxime ether
group. Moreover, the fact that, imine 63a and ketone 63b were present as well in the reaction
mixture, together with a quantitative amount of phenol, suggested that the generation of the
iminyl radical was successful but the transformation of aniline 52 to the imine intermediate

was not completed.

Imine formation plays a key role in the success of the entire sequence since the iminyl
radical cyclisation onto imines had proved to be very efficient. Therefore, an improvement in
the imine forming condensation should imply an increase in the efficiency of the entire

process and hence an increase in the dihydroquinazoline yields.

It was observed as well that dihydroquinazolines tended to slowly oxidise to the
corresponding quinazolines over a period of days when stored in air a room temperature.

Thus, it was desirable to find an effective oxidation protocol which could yield quinazolines
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in high yields and in short reaction times. Microwave irradiation of dihydroquinazoline 58 in
DCM and in the presence of the oxidizing agent DDQ gave the desired quinazoline 75 in
good yield after irradiating for 10 minutes at 100 °C (Scheme 37).

L O
H

100 °C, 10 min.
58 83 % 75

Scheme 37

The oxidation of dihydroquinazoline 58 was also studied by continuously bubbling
oxygen through a solution of 58 in CDCl; a 50 °C. The course of the oxidation was
monitored by *H NMR spectroscopy over time (Table 4).

Run Time Yield 75 (mol%)
1 4h. 28%
2 8h. 32 %
3 24 h. 2%
4 48 h. 88 %

Table 4. oxidation of dihydroquinazoline 58 in CDCl 3 at 50 °C by
continuous oxygen bubbling.

The oxidation to quinazoline 75 was slower than expected. It took 48 hours to get an 88
% conversion from the starting dihydroquinazoline 58. Furthermore side-processes set in and
various unidentified side-products were present in the total reaction mixture.

2.2.2 Potential tandem reaction.

It was postulated that on microwave irradiation of 3-phenylpropenal 65 with oxime
ether 52 in a non hydrogen donor solvent, t-butyl benzene instead of toluene, intermediate
aminyl radical 79 could undergo homolytic aromatic substitution onto the phenyl ring.
Cyclohexadienyl radical 80 would be formed, and hence a 5-methyl-7,8-dihydro-6aH-
quinolino[1,2-a]quinazoline 76 would result after losing one H-atom and gaining aromaticity
(Scheme 38). However, none of this product was detected and evidently H-atom abstraction
by radica 79 is too fast for the homolytic aromatic substitution to complete. Instead
dihydroquinazoline 66 was obtained in 86 % yield. Nevertheless, the result was not surprising
because neutral aminyl radicals are not very reactive and it is known that their additions to
olefins are often reversible.®®
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Scheme 38

2.2.3 Syntheses of 2-substituted-4-methylquinazolines.

As was described above, the efficiency of the imine formation constituted a critical
parameter for the success of the multi-step process and hence of dihydroquinazoline

formation.

It was shown that reaction of oxime ether 52 with less reactive aldehydes, such as 4-
methoxybenzaldehyde 71 and thiophene-2-carba dehyde 73, did not give clean reactions but
disappointing dihydroguinazoline yields.

Imine formation takes place via a series of equilibria involving hemiaminal formation,
water loss and various protonation/deprotonation steps. The dehydration step is acid catal ysed
and the rates of individua steps depend on pH.* It is known that imine formation via
microwave irradiation is promoted by inclusion of zinc chloride.™ It was hoped, therefore,
that addition of ZnCl,, as a promoter would improve the product yields when less reactive

carbonyl compounds were employed.

Pent-4-enal 57 was reacted with oxime ether 52 in the presence of ZnCl, using the

optimal reaction conditions. An excellent product yield was obtained, but the surprising
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outcome was that the quinazoline 75 rather than the dihydroquinazoline, was formed under

these circumstances (Scheme 39).

+ Z > + PhOH
160 °C, 30 min. 0,15 M NW

NH,

Toluene, emimPFg, ZnCl,

52 57 75
Scheme 39

Reactions with 0.1, 0.3 and 0.5 equivalents of ZnCl; indicated that 0.3 equivaents was
the optimal amount and this was adopted as standard in subsequent preparations (Table 5).

Run ZnCl, (equiv.) Yidd 75 (mol% )
1 0.1 74 %
0.3 91 %
3 0.5 88 %

Table5. Microwave-assited reactions of pent-4-ena with 52 in the presence
of ZnCl, in PhMe, 0.15 M and emi mPF; at 160 °C. NMR yidlds.*

To assess the scope of this new process, oxime ether 52 was reacted with a range of
aldehydes under the optimal reaction conditions and in the presence of 0.3 equivalents of
ZnCl, (Scheme 40).

X, .OPh
N MW X
NI, 160 °C. 30 min, 0,15 M z

Toluene, emimPFg, 0.3 eq. ZnCl,

52
Scheme 40

High yields of quinazolines 75 and 82 were obtained from 52 with the aiphatic
aldehydes pent-4-ena and cyclohexanecarbal dehyde respectively (Table 6).

149



Addition of Iminyl Radicals onto Imines; Syntheses of Quinazolines Promoted by Microwaves. Chapter 3

Aliphatic

Aldehyde Quinazolines Yidds

Run

=N
1 P ©\)M 91 %
57 75

N =N
. O O
N
81 82

Table 6. Syntheses of quinazolines via microwave assisted reaction of 52 and commercial alif atic
adehydes Isolated yields. Reactionsin PhMe, 0.15 M, 0.3 equ. ZnCl,, emimPFg, 160 °C, 30 minutes.

Aromatic aldehydes with electron-withdrawing substituents in the 4-position, i.e. 4-
bromo- and 4-nitro-benzaldehyde, gave 84 and 86 also in high yields. Somewhat lower, but
still useful, yields of quinazolines were obtained on starting with aromatic adehydes
containing electron donating substituents, e.g. 88 and 90. The low yield of the latter may be
due to the high steric hindrance in the formation of the imine intermediate (Table 7).

Aromatic . . .
Run Aldehyde Quinazoline Yields

B 0 o
r

83 84 Br

X0 ~N
2 /EDA A : 90 %
ON
85 86 NO,
o
~ A
N z 77 %
O\) NJ\@\
88 N

NG

@* “
Z
0]
BSOS IILY
Ph
90

Table 7. Syntheses of quinazolinesviamicrowave assisted reaction of 52 and aromatic aldehydes Isolated
yields. Reactions in PhMe, 0.15 M, 0.3 equ. ZnCl,, emimPFg, 160 °C, 30 minutes
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Similarly, the annulations worked well with heterocyclic adehydes including pyridine-
2-carbaldehyde and furfural (Table 8).

Ar. Heterocyclic

Run Aldehyde Quinazaline Yields
1 Q—/ ©\)\ )\E) 76 %
91

N\ N
? @AO d 71%
93

Table 8. Syntheses of quinazolines viamicrowave ass sted reaction of 52 and heteocyclic aromatic
adehydes. Isolated yields. Reactionsin PhMe, 0.15 M, emimPRg, 160 °C, 30 minutes

From these results, it can be concluded that oxime ether 52 is a very good precursor for
the syntheses of quinazolines. Excellent yields were obtained in reactions with aliphatic
adehydes, where none of the starting material was shown in the *H NMR of the total reaction
mixture, and quantitative conversion to the quinazoline and phenol was observed. Also, good
yields were achieved for aromatic adehydes with electron-withdrawing and electron-
releasing groups in the 4-position. The dlightly better yields for aromatic aldehydes with
electron-withdrawing groups may due to an increase in the electrophilic character of the
carbonyl group, which would support the nucleophilic addition of the aniline 52. The use of
heterocyclic aldehydes led to syntheses of interesting compounds such as 4-methy-2-
(pyridine-2-yl)quinazoline 94 and 2-(furan-2-yl)-4-methylquinazoline 92 in good yields.

The efficiency of the reaction was aso investigated for a small set of O-phenyl oxime
ethers having different functionality in the amino-aryl ring.

2.2.4 Syntheses of 6-bromo-4-methyl phenylquinazoline.

5-Bromo-2-aminoactophenone 95 was obtained regioselectively in 83 % yield by
treatment of 2-aminoacetophenone with NBS in the presence of sulfonic-acid-functionalised
silica as a heterogeneous catalyst.®® Reaction of 95 with O-phenyl hydroxylamine
hydrochloride in pyridine at room temperature yielded the desired brominated oxime ether 96
in 67 % yield (Scheme 41).
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o NBS Br o PhONH, HCl Br \NJOPh MW Br SN
S EEE—— - P
NH, CH3CN-Et,0O NH,  Pyridine, 24h, rt NH, RCHO N~ R
SilicaSOzH, rt, 3 h.
83 % 0

Scheme 41

Microwave irradiation of the oxime ether 96 and benzaldehyde, using the optimal
reaction conditions, afforded the 6-bromo substituted quinazoline 97 in an excellent yield
(Table 9).

Run Aldehyde Quinazadine Yields
o Br. N
1 PN : 89 %
N
69 97

Table 9. Synthesss of 6-bromo-4-methyl-2-phenylquinazol ine viami crowave assisted reaction of
96 and benzaldehyde. Isolated yidds Reactionsin PhMe, 0.15 M, emimPFg, 160 °C, 30 minutes.

2.2.5 Syntheses of 2-substituted 6,7-dimethoxy-4-methyl quinazolines.

The 1-(2-amino-4,5-dimethoxyphenyl)ethanone O-phenyl oxime 98 was obtained
from reaction of the commercialy available 4,5-dimethoxy-2-acetophenone with phenyl
hydroxylamine hydrochloride in pyridine. The reaction mixture was stirred for 24 hour at
room temperature, but a disappointing 46 % yield was obtained. The reaction was carried out
as well a 50 °C for 3 hours, but numerous of by-products were formed, probably from
scission of the N-O bond. The best result of the condensation was achieved by stirring the
starting materials for 48 h at room temperature in pyridine. The reaction gave the desired
oxime ether 98 in a satisfactory yield of 63 % (Scheme 42).

Meoﬁo PhONH, HCI MeOI:g\\N ,OPh MW MeO N
> E— _
MeO NH,  Pyridine, 48h, 1t MeO NH, RCHO

MeO N R

63 % 98

Scheme 42
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The slowness of this reaction may be due to the presence of three good electron-
releasing groups in the acetophenone ring. This electron-donating effect could have decreased
the electrophilic character of the ketone, and hence its reactivity towards O-phenyl
hydroxylamine.

Microwave irradiation of the oxime ether 98 with 4-bromo- and 4-nitro-benzaldehyde
gave quinazolines 99 and 100 in high yields 80 % and 91 % respectively (Table 10).

Run Aldehyde Quinazoline Yields
MeO A\
X0 N
1 /@A _ 80 %
Br M N
83 99 Br
MeD]@\)%N
o _
2 /EDA MeO N)\©\ 91 %
ON
85 100 NO,

Table 10. Synthesesof 2 substituted 6,7-dimethoxy-4-methylqui nazol ines via microwave ass sted
reaction of 98 and aromatic ddehydes. Isol ated yiel ds. Reactions in PhMe, 0.15 M, 0.3 equ ZnCl»,
emimPFg, 160 °C, 30 minutes.

2.2.6 Syntheses of 2- substituted quinazolines.

To probe the sensitivity of the reaction to substituents at the fourth position of the
quinazoline, O-phenyl oxime ether 101 was prepared in good yield from the condensation of
2-aminobenzaldehyde and O-phenyl hydroxylamine hydrochloride in pyridine. The reaction
gave the desired precursor 101 in 78 % yield (Scheme 43).

o PhONH, HCI SO mero SN
Taw A
NH, Pyridine, 24h, rt NH, MW -
101

N~ R

78 %

Scheme 43

The unsubstitued oxime ether 101 reacted well with aliphatic, aromatic and
heterocyclic adehydes, giving good yields of 2-subtitued quinazolines (Table 11).
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Run Aldehyde Quinazdine Yields

1 P "0 ©\ﬁ&/\ 82 9%
65

o @C
MeO )\©\ 71%
71

Me
S O SN
3 ) % 78%
73 Y
=N
O B
G L o %
r
Br )
105

106

Table 11. syntheses of 2 substituted qui nazol ines via microwave assisted reaction of 101 and
d dehydes. Isolated yields. Reactions in PhM e, 0.15 M, 0.3 equ ZnCl, emimPFg, 160 °C, 30 minutes.

The interesting building block 106 is of special interest. Reaction of 6-bromo
piperonal 105 with the oxime ether 101 gave the quinazoline 106 with an excellent level of
conversion. The 71 % yield was obtained, despite the presence of alarge Br group and a good
electron-donating substituent, the dioxole, in the aromatic aldehyde. Both factors could have
inhibited the first step of the sequence, the imine formation, by steric hindrance and
electronic effects respectively. The result proved that this formation was very efficient.

It was also a possibility to place a phenyl substituent in the 4-position of the
guinazolines. In this case, 2-aminobenzophenone 107 would be reacted with O-phenyl
hydroxylamine hydrochloride in pyridine to yield the oxime ether 108. The reaction was
carried out at room temperature for 24 hour, 48 hours and 72 hours. Unfortunately only a
minimal conversion to the desired product was achieved in all of them. The condensation was
also carried out at 50 °C for four hours but none of the oxime ether 108 was formed. This
unsuccessful reactivity may be due to steric hindrance between one of the phenyl groups of

the 2-aminobenzophenone and the phenyl hydroxylamine (Scheme 44).

PhONH,HCI

Pyridine

o
Y

Scheme 44 154
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2.2.7 Mechanism.

As has been described above, the inclusion of ZnCl, in the reaction entailed a change
in the final product. Excellent yields in the syntheses of quinazolines were achieved instead
of dihydroquinazolines in the presence of ZnCl,. It was, therefore, possible that the presence

of the Lewis acid had caused a change in the mechanism of the process (Scheme 45).

Sy OPh
s O
NH,
N
@6}1/\/+ pon _ MW ‘ MW @ N + PhOH
N Z 160 °C. 30 min, 160 °C. 30 min, N/)\/\%
H

0.15M 0.15 M, 0.3 equ ZnCl,
58 Toluene, emimPF¢ Toluene, emimPFg 75
Scheme 45

However, it is known from earlier results described in the previous chapter that the
precursor O-phenyl oximes are completely dissociated to radicals in < 30 min under the
microwave conditions. To compete, any alternative mechanism would have to be faster than
this.

2.2.7.1 Electrocyclic approach.

Electrocyclic ring closures could be an alternative to the radical proposed
mechanism. Recently Trost and coworkers® have described the syntheses of substituted
pyridine rings via 6m-electrocyclization and subsequent elimination of water under

microwave irradiation (Scheme 46).

H
~ ,OH
R/ ~(5CN MW Rl AN o RY 7N
[ NS
R pE 190°C, 1h. | R’ X R

Scheme 46

There was, therefore, a possibility that electrocyclic ring closure could take place in
the formation of the quinazolines. Imines 53 might electrocyclise to give the
dihydroquinazoline intermediate 109 followed by the elimination of PhOH. The quinazoline
and phenol would be the final productsin this sequence (Scheme 47). However, it isunlikely
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both these steps could be fast enough to compete with the radical process. Furthermore, none
of the quinazoline was observed in the absence of ZnCl,, therefore, the Lewis acid must play

an important role in the mechanism.

SN’ OPh MW { \@OPh oph
+ RCHO N~ — )\“f PhOH
NH, 160 °C, 30 minutes { N R

Toluene, emimPFg
32 0.3 equ ZnCl, 53

Scheme 47

2.2.7.2 Iminium salt approach.

A different mechanism that could explain the formation of quinazoline in the presence
of ZnCl; is outlined in Scheme 48. Possibly the zinc bonds to the imine prior to cyclisation
i.e. 110 and the subsequent ring closure gives amminium radical cation 111 in a process akin
to an iminium salt cyclisation. The adjacent cation would considerably lower the pKj of the
H-atom at position 2 of the heterocycle 111. Proton loss would then yield 112 in a process
reminiscent of the Minisci reaction.> Stabilised intermediate 113 might tranfer an electron to
the starting oxime ether to give 114 or be converted to 114 on exposure to oxygen during
work-up. When the ZnCl, is not present, the C-H at position 2 is not acidic, and hence

aromatisation to a quinazoline does not occur.>*

Sy OFh MW SN
+ RCHO > /)\ + PhOH
NH2 160 °C, 30 minutes N R

Toluene, emimPFq

0.3 equ ZnC12 *
@ @ @6* A —
— - +/
/% R NTR NTR
ZnCl ZnCl ZnCl ZnCl 7ZnCl
110 111 112 113 114
Scheme 48

2.3 Reaction with ketones.
2.3.1 Syntheses of 2-disubstituted 4-methyl-dihydroquinazolines.
It was postulated that stable 2-disubstituted dihydroguinazolines could also be prepared by

reaction of the oxime ether 52 with ketones as is outlined in Scheme 49.
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X ,OPh O N
R R?160°C, 30 min N R{{

NH,

Toluene H
52 115 116
l imine T H abstraction
L — L = O
1
N=( i N= i N)Yé{
R R )
117 118 119
Scheme 49

This approach is similar to the one described for the adehydes, the formation of the
imine intermediate 117 being the first step of the sequence. Subsequently, iminyl radical 118
would be generated by N-O bond scission and cyclisation onto the imine would yield the
aminyl radical 119. Hydrogen abstraction from toluene may give the 2-di-substituted
dihydroquinazoline 116 with an equal amount of phenol. The absence of an H-atom at the 2-
position of the dihydroquinazoline prevents oxidation to quinazolines.

To assess the scope and limitations of this annulation, reactions of oxime ether 52
with severa commercially available ketones were carried out in toluene, emimPFg as ionic
liquid, with and without ZnCl, under microwave irradiation for 30 minutes at 160 °C (Table
12).

Run Ketones Conditions Quinazolines Yields
0.1 M, Toluene [a]
1 o emimPFg, 160°C, 30 min. SN 78 %
(j 0.1 M, Toluene H/O [a]
2 emimPFg, 0.3 eq. ZnCl 82 %
120 160°C, 30 min. 121
0.1 M, Toluene [b]
3 o emimPF, 160°C, 30 min. N 36 %
)J\ 0.1 M, Toluene N/k [a]
4 emimPF;, 0.3 eq. ZnCl,, H 45%
122 160°C, 30 min. 123
5 N/ 0.1 M, Toluene 20 % (o]
emimPFg, 160°C, 30 min. N
C& 0.1 M, Toluene N\ o &
6 N emimPF, 0.3 eq. ZnCl, H 21 %
124 © 160°C, 30 min. 123

Table 12. Syntheses of dihydroquinazolines via microwave assisted reaction of 52 and ketones [a] Isol aed yid ds

[b] Determined by *H NMR of crude reaction mixture. 157
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A promising result was achieved by reaction of oxime ether 52 with cyclohexanone
120 (entries 1 and 2). Microwave irradiation of the mentioned starting materials in toluene

afforded excellent yields of the spirodihydroquinazoline 121, with and without ZnCl..

When the reaction was carried out with acetone the dihydroquinazoline 123 yield
dropped dramaticaly to 36 % and 45 % in the absence and presence of ZnCl, respectively
(entries 3 and 4). The total reaction mixture of the Lewis acid mediated process was studied
by NMR and GC/MS. The 'H NMR showed a complex mixture of products difficult to
identify. The GC/MS of the reaction mixture showed phenol, imine 63a, ketone 63b and six
additional major peaks. The first eluted component had M™ = 158 and its spectrum matched
the library spectrum of 2,4-dimethylquinazoline 125 (91% confidence level). The second
eluted component (M* = 174) was probably dihydroquinazoline 123 (Scheme 50). The
guantitative formation of phenol was also of note. Its presence confirmed the generation of
the phenoxyl radical and hence strengthened the radical mechanism approach described in
Scheme 48. If the 6r-electrocyclization had taken place, anisole should have been formed in
the elimination step, by analogy with the step shown in Scheme 47. No anisole was detected
by GC/MS.

SN OPh o) MW N XN X N
* )J\ . /% " " *
NH, Toluene, emimPF H N/J\ NH, N

160 °C, 30 min., ZnCl,
52 122 123 125 63a x=NH 126

imine 63b x=o0
generatlon H abstraction /CH 3
radical
d\ 1OPh generation @L 69”0'0 SN
/%(*
N
127 128

129

Scheme 50

The expected product 123 was presumably formed by H-atom abstraction by aminyl
radical 129 from the solvent. The elimination of a methyl radical would provide a plausible
explanation to the experimental finding of 125. Interestingly, the mass spectrum of the third
eluted component (M™* = 157) matched the library spectrum of 2,4-dimethylquinoline 126 (94

% confidence level). The fourth component remained unidentified but the fina two longer
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retention time components had mass spectra identical to those of 135 and 136 (Figure 6 see

below for an explanation of the formation of the quinoline derivatives).

Reaction of oxime ether 52 with the akaloid tropinone 124 was aso studied.
Unfortunately none of the desired product was formed according to the NMR and GC/MS
data. Moreover, it is possible that tropinone was not stable in the reaction conditions and may
have decomposed to various fragments. The fact, that 2,2,4-trimethyl-1,2-dihydroquinazoline
123 was isolated in 21 % yield, may tell us that acetone was formed during the process and it
could have reacted with oxime ether 52 as described in Scheme 50.

Acetophenone was the last ketone studied in this annulation process. Microwave
irradiation in the usual conditions gave again a complex mixture of compounds difficult to
interpret by NMR spectroscopy (Scheme 51). The GC/MS showed the presence of unreacted
starting material 130, phenol, imine 63a, ketone 63b, together with six additional major
components and several minor ones. The first and second of these (M = 221 and 220
respectively) were probably dihydroquinazoline 131 and quinazoline 132. The mass
spectrum of the third component (M™ = 219) matched the library spectrum of 2-phenyl-4-
methylquinoline 133 at the 95 % confidence level. There were two additional longer
retention time components (M™* = 234, 235 respectively) which we identify as quinoline 136
and quinazoline 135 derivatives respectively (Figure 6).

X, ,OPh o) S SN X AN

N MW N @L

O\)\ * Ph)J\ Tol imPE ©\)\/F+ N/)\Pth NH, &
NH2 oluene I M H Ph 2 N Ph

160 °C, 30 min., ZnCl,

52 130 131 132 63a X=NH 133
63b x=0

Scheme 51

The presence of 130, the imine 63a and its hydrolysis product 63b in the crude
reaction mixture confirmed that the annulation reaction, and more concretely the imine
formation, was not very efficient. This may be due to the high sensitivity of the imine

condensation to steric hindrance effects.
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Interestingly, in all the reactions of 52 with the different ketones, three comon peaks
were found in the GC/MS spectra, independently of which ketone was used. We identified
these peaks as quinazolines 134 and 135 and quinoline 136 (Figure 6).

@N @

0 W C

H
HoN H HoN
134 136

135

Figure 6

To explain the formation of these compounds, it was conjectured that aniline 52 could
react with the ketone 63b the hydrolyzed product of the imine 63a, to give the imine 137.
Subsequent generation of the iminyl radical and 6-endo cyclisation onto the imine, could give
aminyl radical 139. Dihydroquinazoline 134 would be obtained by hydrogen abstraction from
the solvent. The related quinazoline 135 was presumably formed by elimination of a methyl
radical (Scheme 52).

NH, Toluene, emimPF

160 °C, 30 min., ZnCl,

imine '
generation H absraction -

X, ,.OPh
N® radical
d\ gene'atlon '}Ij 6 endo
N= N)
H2N HaN

137 138

H,N

Scheme 52

The most intriguing aspect of this reaction was the apparent formation of products

containing the quinoline ring, i.e. 126, 133 and 136. A tentative mechanism to account for
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this is outlined in Scheme 53 for the case of 136. The imine 140 may tautomerize to the
enamine intermediate 141. Generation of the iminyl radical could be followed by a favoured
[1,5] hydrogen shift giving the aza-allyl radical 143. This radical is in resonance with 144
which may undergo 6-exo intramolecular addition onto the newly formed imine 144 giving
aminyl radical 145. Hydrogen abstraction from the solvent and subsequent elimination of
ammonia could then yield 2-(4-methylquinolin-2-yl)aniline 136.

O S
d\ OPh @ MW )
N H, Tol uene, emimPF N O

160 °C, 30 min., ZnCl,
63bx=0 1H abgraction

136 \2 NH3

A\

e 4
@ =
@% @L @ Q%% 3:}/ 1;5
142 143 o

Scheme 53

The presence of quinolines 126 and 133 in the reactions of oxime ether 52 with
acetone 122 and acetophenone 130 respectively, induced us to think that a mechanism
analogous to that described in Scheme 53 could have also taken place with the corresponding

ketones, in competition with the 6-endo cyclisations.

To confirm that quinazoline 135 and quinoline 136 were formed as described in
Scheme 52, oxime ether 52 was reacted on its own, without any ketone being present, under
the usual reaction conditions in toluene with ionic liquid and ZnCl, (Scheme 54). The 2-(4-
methylquinazolin-2-yl)aniline 135 was isolated in 41 % yield, dihydroquinazoline 134 could
not be isolated but a minor peak in the GC/MS with the correct mass confirmed that it was
formed. The driving force for the elimination of a methyl radical, as described in Scheme 52,
may be the high level of aromatic resonance of the final product 135. The quinoline 138 was
also isolated in 18 % yield and its identity confirmed from its NMR spectra.
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:: \/L\ ,OPh : J\
N O ©\)\
NH,
NH, Toluene, emimPF 2t
160 °C, 30 min., ZnCl,
N

H,

52 63a X=NH
63b x=0

Scheme 54

It was interesting that oxime ether 52 reacted with the ketone 63b, being a side
product of the reaction, instead of reacting with one equivalent of the corresponding ketone
acetone or acetophenone. A tentative explanation was that the amine group in the imine
intermediate as well as imine might interact with the ZnCl, present in the reaction medium

i.e. 148 favoured against intermediates 146 and 147 from acetone and acetophenone

respectively (Figure 7).
e C”
N4< N= N=
nCIZ CIZer CIZZ'T N
H2
146 147 148
Figure7

It was clear from the results described above, that reaction of oxime ether 52 with
ketones, did not constitute an efficient method for the syntheses of 2-disubstituted
guinazolines. The reactions generally gave complex mixtures of numerous compounds. It was
also shown that when reactions were carried out with more sterically demanding ketones,
such as acetophenone, the complexity of the total reaction mixture increased due to the poor

efficiency of imine formation.
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3.0 Conclusions.

The results show that 2-(aminoaryl)akanone O-phenyl oximes are excellent
precursors for quinazoline derivatives. They react in one pot, with aliphatic adehydes, in
microwave-assisted reactions yielding dihydroquinazolines. When more sterically demanding
aldehydes were used the yield dropped dramatically.

The precursor O-phenyloximes are easily made in one step from the corresponding
carbonyl and O-phenyl hydroxylamine in good yields and can be stored indefinitely.
Nevertheless, it was found that electronic and steric hindrance effects played an important

role in the success of the condensation reaction.

An interesting possibility would be the use a solid supported O-phenyl hydroxylamine
HCI. The use of solid-supported syntheses in combinatorial chemistry and drug discovery is
having a profound effect on the way synthetic chemistry is carried out due to the inherent
advantages it offers. In this case the use of solid supported O-phenyl hydroxylamine HCI
would have a dramatic impact in the purification process because the phenol could be
removed by asimplefiltration (Scheme 55).

RS R®
5 5 OH
R \N .0 ., MW R N
+ RCHO ———» /)\ +
RY NH, RY NT R
Scheme 55

If ZnCl, is included in the mixture, quinazolines are obtained instead of
dihydroquinazolines. The process is of wide scope and works well with akyl, aryl and
heterocyclic types of adehydes. The reaction has al the advantages associated with
microwave chemistry. The process is rapid, high yielding, reproducible, neutral and
comparatively mild. The methodology was successful in the syntheses of quinazolines with
high steric demand, such as, 4-methyl-2-(6-phenylbenzo[d][1,3]dioxol-5-yl)quinazoline 90
and 2-(6-bromobenzo[ d][1,3]dioxol-5-yl)quinazoline 106 (Figure 8).
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Ly Cr
T L
O> Br O>
90 106

Figure 8. Geometry optimizaion of quinazolines 90 and 106 with MM2.

Interesting and useful quinazoline building blocks were prepared in excellent yields and
short reaction times with a variety of substituents convenient for further functional group
transformation, such as, paladium coupling or reduction of nitro groups to amines.
Quinazolines with heterocycles as substituents were aso achieved in good yields.
Quinazoline derivatives exhibit interesting pharmacological properties related to the planarity
of the system. Consequently, these compounds present a DNA-chain intercalating ability.
Quinazolines like 4-methyl-2-(pyridine-2-yl)quinazoline, which resembles the adenine

structure, may have this ability.

Figure 9. Geometry optimization of quinazoline 94 with MM2.

On the other hand, although this methodology is extremely effective for the
preparation of quinazolines from aldehydes it does not appear to be a suitable method in the
preparation of dihydroquinazolines from Kketones. Apart from the reaction with
cyclohexanone, complex mixtures of severa compounds were obtained in the reaction of 1-

(2-aminophenyl)ethanone O-phenyl oxime with ketones.
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4.0 Experimental.

1-(2-aminophenyl)ethanone O-phenyl oxime 52.

O-Phenyl hydroxylamine hydrochloride (2.15 g, 15 mmoles) was dissolved in anhydrous
pyridine (40 mL) under N, at room temperature, and 1-(2-aminophenyl)ethanone (2.0 g, 15
mmoles) was added in one portion. The resulting solution was stirred at room temperature
overnight, and the progress of the reaction was monitored by TLC (EtOAc/ hexane, 1:2).
Upon completion, the reaction mixture was poured into water (40 mL) and extracted with
EtOAc (3 x 30 mL), and the combined organic phases were washed severa times with
saturated, aqueous CuSO, solution to remove any traces of pyridine. The solution was then
dried over MgSO, and concentrated under reduced pressure. The residue was purified by
column chromatography (5% EtOAc/hexane) affording a dark orange oil (2.54 g, 76 %).
NMR (400 MHz, CDCls), dy; 2.56 (3H, s, CHs), 5.72 (2H, s, NH,), 6.80 (2H, m, CH), 7.10
(AH, tt, J=7.2, 1.1 Hz, CH), 7.22 (1H, t, J = 7.7 Hz, CH), 7.28 (2H, m, CH), 7.39 (2H, t, J =
7.2 Hz, CH), 7.49 (1H, dd, J = 7.7, 1.4 Hz, CH); *C NMR d¢; 14.1 (CHs), 114.8, 118.8,
117.0 (CH), 117.6 (C), 122.3, 129.4, 129.5, 130.3 (CH), 146.2, 159.4, 160.4 (C); IR3474,
3345, 1613, 1593 cm'™*; HRMS calcd for Cr4H1sN,0 (MHY) 227.1183, found 227.1184.

Typical procedure for 4-methyldihydroquinazoline preparations 2-(but-3-enyl)-4-
methyl-1,2-dihydroquinazoline 58.

Pent-4-ena (37.0 mg, 0.44 mmol) was added to a solution of 1-(2-aminophenyl)ethanone O-
phenyl oxime (100 mg, 0.44 mmol) in toluene (0.15 M) and emimPF, (100 mg, 0.46 mmol)
in a microwave vessel (2-5 cm®). The vessel was sedled and subjected to microwave
irradiation for 30 min at 160 °C in a Biotage Initiator system (nominally 300MHz). After
cooling the ionic liquid was filtered off and the toluene was removed under reduced pressure.
The residue was purified by flash column chromatography (25 % EtOAc/hexane) affording
the desired product as a yellow oil (83.1 mg, 94%). *H NMR (400 MHz, CDCls), 6y; 1.84
(2H, m, CH,), 2.20 (2H, m, CH,), 2.23 (3H, s, CH3), 3.90 (1H, s, NH), 4.77 (1H, t, J = 5.8
Hz, CH), 4.92 (1H, m, CH,), 5.01 (1H, dg, J = 17.0, 1.8 Hz, CH,), 5.80 (1H, m, CH), 6.45
(1H, dd, J = 8.0, 0.8 Hz, CH), 6.63 (1H, td, J= 7.6, 1.1 Hz, CH), 7.1 (1H, m, CH), 7.21 (1H,
dd, J = 7.7, 1.3 Hz, CH); C NMR dc; 21.0 (CHa3), 28.11, 34.5 (CHy), 67.9, (CH), 112.9
(CH), 114.1 (CH,), 117.0 (CH), 117.5 (C), 125.3, 131.7 (CH), 137.6 (CH), 144.7, 161.9 (C);
IR 3302, 1611 cm™*; HRMS caled for CisH17N, (MH') 201.1392, found 201.1390.

165



Addition of Iminyl Radicals onto Imines; Syntheses of Quinazolines Promoted by Microwaves. Chapter 3

4-M ethyl-2-phenethyl-1,2-dihydr oquinazoline 66.

From 3-phenyl propanal (58.9 mg, 0.44 mmol), as described for 58.Yellow oil (101.7 mg,
92%). 'H NMR (400 MHz, CDCls), dy; 2.06 (2H, m, CH,), 2.23 (3H, s, CHs), 2.75 (2H, m,
CH>), 3.80 (1H, s, NH), 4.78 (1H, t, J = 5.6 Hz, CH), 6.36 (1H, d, J = 8.0 Hz, CH), 6.61 (1H,
t, J = 7.9 Hz, CH), 7.12 (7H, m, CH); *C NMR 6¢; 21.6 (CHs3), 30.2, 37.1 (CH,), 67.7 (CH),
113.0, 116.9 (CH), 117.6 (C),121.9, 124.9, 127.4, 127.4, 131.5 (CH), 140.7, 144.6 162.3 (C);
IR 3395, 1585 cm'™*; HRM S calcd for Ci7H1N, (MH™) 251.1548, found 251.1551.

2-n-Butyl-4-methyl-1,2-dihydroquinazoline 68.

From pentanal (37.8 mg, 0.44 mmol), as described for 58.Yellow oil (80.0 mg, 91%). ‘H
NMR (400 MHz, CDCls), d; 0.86 (3H, t, J = 7.1 Hz, CHs), 1.33 (4H, m, CH,), 1.75 (2H, m,
CH,), 2.24 (3H, s, CH3), 3.86 (1H, s, NH), 4.71 (1H, t, J = 6.0 Hz, CH), 6.46 (1H, dd, J = 8.0,
0.8 Hz, CH), 6.62 (1H, td, J = 7.4, 1.1 Hz, CH), 7.10 (1H, m, CH), 7.21, (1H, dd, J = 7.7 Hz,
1.3 Hz, CH); *C NMR d¢; 13.9, 22.4 (CHs), 23.1, 27.3, 36.5 (CHy), 69.1 (CH), 114.0, 117.9
(CH), 118.9 (C), 126.3, 132.5 (CH), 146.2, 162.8 (C); IR3467, 1573 cm™; HRMS calcd for
Ci3H19N, 203.1548 (MH™), found 203.1556.

4-Methyl-2-phenyl-1,2-dihydroquinazoline 70.

From benzal dehyde (46.6 mg, 0.44 mmol), as described for 58.Y ellow il (70.7 mg, 72%). *H
NMR (400 MHz, CDCls), dn; 2.15 (3H, s, CHs), 4.05 (1H, s, NH), 5.77 (1H, m, CH), 6.48
(1H, dd, J = 8.0, 0.9 Hz, CH), 6.68 (1H, td, J =7.5, 1.1 Hz, CH), 7.14 (1H, m, CH), 7.24-7.34
(5H, m, CH), 7.46 (1H, m, CH); *C NMR d¢; 21.5 (CHs), 71.5 (C) 113.1, 117.5 (CH), 116.8
(C), 125.5, 126.1, 127.3, 127.6, 131.7 (CH), 134.1, 145.7, 162.1 (C); IR 3347, 1571 cm™™;
[NB: MS analysis, with severa different insertion methods, showed 7d converted to the
corresponding quinazoline (MH"™ = 221.1087; calcd. for CisH13N» 221.1079) during spectral
collection.]

Typical Procedure of Oxidation of Dihydroquinazolines to Quinazolines . 2-(But-3-
enyl)-4-methylquinazoline 75.

A solution of 2-(But-3-enyl)-4-methyl-1,2-dihydroquinazoline 58 (50 mg, 0.25 mmol) and
2,3-dichloro-5,6-dicyano-1,4-benzoquinone (68 mg, 0.30 mmol) in DCM (4 mL) was placed

in a microwave via and was irradiated for 10 minutes at 100 °C. The solvent was removed
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under reduced pressure. The residue was purified by column chromatography (5 %

EtOAc/hexane) giving the desired product as a brown oil (49 mg, 83 %).

Dihydroquinazoline oxidation by oxygen bubbling: 2-(But-3-enyl)-4-methylquinazoline
75.

A solution of 2-(but-3-enyl)-4-methyl-1,2-dihydroquinazoline 58 (25 mg, 0.12 mmol) in
CDCl3 (1 cm®) was placed in a standard NMR tube and oxygen was continuously bubbled for
48 h. at 50 °C. The conversion to quinazoline 75 was monitored by *H NMR spectroscopy at
4 h.,8h., 24 h. 48 h (yieldsin Table 4). Conversion of 58 was complete in 48 h giving 75
(88 %) together with additional unidentified by-products.

Typical Procedure for ZnCl, Promoted Quinazoline Preparations. 2-(But-3-enyl)-4-
methylquinazoline 75.

Pent-4-enal (36.9 mg, 0.44 mmol) was added to a solution of 1-(2-aminophenyl)ethanone O-
phenyl oxime (100 mg, 0.44 mmol) in toluene (0.15 M), containing anhydrous ZnCl, (17 mg,
0.13 mmol) and emimPF,4 (100 mg, 0.46 mmol) in a microwave vessel (2-5 cm®). The vessel
was sealed and subjected to microwave irradiation for 30 min at 160 °C in a Biotage Initiator
system. After cooling, the ionic liquid was filtered off and the toluene was removed under
reduced pressure. The residue was purified by flash column chromatography (5 %
EtOAc/hexane) affording the desired product as a yellow oil (79.0 mg, 91 %). *H NMR (400
MHz, CDCl3), du; 2.60 (2H, g, J = 8.0 Hz, CHy), 2.87 (3H, s, CH3), 3.09 (2H, m, CH,), 4.92-
5.01 (2H, m, CH,), 5.88 (1H, m, CH), 7.48 (1H, ddd, J = 8.2,6.9, 1.2 Hz, CH), 7.76 (1H, ddd,
J =84, 6.9, 1.4 Hz, CH), 7.88 (1H, d, J = 8.3 Hz, CH), 7.98 (1H, d, J = 8.3 Hz, CH); **C
NMR d¢; 22.0 (CH3), 38.8 (CHy), 39.3 (CHy), 115.2 (CH,), 122.5 (C), 125.0, 126.7, 128.5,
133.6 (CH), 137.9 (CH), 149.9, 166.1, 168.1 (C); IR 1617, 1561 cm™; HRMS calcd for
Ci3H1sN2 (MH™) 199.1235, found 199.1234

2-Cyclohexyl-4-methylquinazoline 82.

From cyclohexanecarbal dehyde (49 mg, 0.44 mg), as described for 75.Y ellow solid (79.9 mg,
80%); mp 46-48 °C. *H NMR (400 MHz, CDCl3), dy; 1.35-1.73 (8H, m, CH,), 1.99 (2H, m,
CHy), 2.86 (3H, s, CHg3), 2.93 (1H, m, CH), 7.47 (1H, ddd, J = 8.2, 6.9, 1.2 Hz, CH), 7.75
(1H, ddd, J = 8.3, 6.8, 1.3 Hz, CH), 7.90 (1H, d, J = 8.3 Hz, CH), 7.97 (1H, m, CH); *C
NMR dc; 21.7 (CH3), 26.0, 26.3, 31.9 (CH,), 47.8 (CH), 122.8 (C), 125.1, 126.4, 128.5,
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133.3 (CH), 150.1, 168.1, 170.0 (C); IR 1615, 1560 cm':; HRMS calcd for CysHioN, (MHY)
227.1548, found 227.1544.

2-(4-Bromophenyl)-4-methylquinazoline 84.

From 4-bromobenzaldehyde (80 mg, 0.44 mmol), as described for 75.Yelow solid (112.3
mg, 85 %); mp 82-85 °C. *H NMR (400 MHz, CDCls), 6i; 2.93 (3H, s, CH3) 7.50 (1H, td, J
= 7.7, 1.1 Hz, CH), 7.56 (2H, dt, J = 8.7, 1.9 Hz, CH), 7.78 (1H, td, J = 7.7, 1.4 Hz, CH),
7.98 (1H, d, J = 8.9 Hz, CH), 8.01 (1H, d, J = 8.9 Hz, CH), 8.42 (2H, dt, J = 8.7, 1.9 Hz,
CH); *C NMR d¢; 21.0 (CH3), 122.0 (C), 124.0 (CH), 124.1 (C), 126.1, 128.2, 129.1, 130.7,
132.6 (CH) 136.2, 149.2, 158.1, 167.3 (C); IR 1616, 1572 cm™; HRMS calcd for
CisH1oN,"Br (MH") 299.0184, found 299.0189.

4-M ethyl-2-(4-nitr ophenyl)quinazoline 86.%

From 4-nitrobenzaldehyde (66.4 mg, 0.44 mmol), as described for 75.Yellow solid (105.4
mg, 90%); mp 168-179 °C. *H NMR (400 MHz,CDCls), dy; 2.96 (3H, s, CHs), 7.58 (1H,
ddd, J=8.2, 7.6, 1.2 Hz, CH), 7.84 (1H, ddd, J = 8.5, 7.0, 1.4 Hz, CH), 8.02 (1H, d, J=7.8
Hz, CH), 8.04 (1H, d, J =7.8 Hz, CH), 8.26 (2H, d, J =9.0 Hz, CH), 8.72 (2H, dt, J=9.0. 2.0
Hz, CH); *C NMR d¢; 21.5 (CHs), 122.3 (C), 122.6, 124.3, 126.9, 128.4, 128.3, 133.0 (CH),
143.0, 148.1, 149.2, 156.8, 167.8 (C); IR 1597, 1569, 1548, 1340 cm™; HRMS calcd for
C15H12N30, (MH™) 266.0930, found 266.0936.

4-(4-(4-Methylgquinazolin-2-yl)phenyl)mor pholine 88.

From 4-morpholinobenzaldehyde (84.0 mg, 0.44 mmol) as described for 75.Yelow solid
(103.8 mg, 77 %); mp 135-137 °C. *H NMR (400 MHz, CDCls), dy; 2.91 (3H, s, CHs), 3.22
(4H, t, J = 4.9 Hz, CH,), 3.82 (4H, t, J = 4.9 Hz, CH,), 6.94 (2H, d, J = 8.9 Hz, CH), 7.45
(AH,td, J=7.5, 1.2 Hz, CH), 7.75 (1H, td, J = 7.5, 1.2 Hz, CH), 7.96 (2H, m, CH), 8.48 (2H,
d, J= 8.9 Hz, CH); ®°C NMR dc; 22.4 (CH3), 48.3, 67.1 (CHy), 114.9 (CH), 122.8 (C), 124.9,
126.5 (CH), 128.8 (C), 129.0 (CH), 129.2 (C), 130.0, 133.0 (CH), 152.8, 160.0, 168.1 (C); IR
1603, 1572 cm™; HRMS calcd for CigH20N30 (MH™) 306.1606, found 306.1602.
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4-M ethyl-2-(6-phenylbenzo[d][1,3]dioxol-5-yl)quinazoline 90.

From 6-phenylbenzo[d][1,3]dioxole-5-carbaldehyde (99.4 mg, 0.44 mmol) as described for
75.Yellow solid (85.6 mg, 58 %); mp 215-217 °C. *H NMR (400 MHz, CDCl3), 6y; 2.63
(3H, s, CHs), 6.01 (2H, s, CH,), 6.89 (1H, s, CH), 7.07 (5H, m, CH), 7.41 (1H, s, CH), 7.48
(1H, ddd, J = 8.3, 6.7, 1.5 Hz, CH), 7.73 (1H, m, CH), 7.77 (1H, m, CH), 7.92 (1H, d, J=8.3
Hz, CH) ; *C NMR d¢; 20.6 (CHs), 100.4 (CH.), 109.8, 110.0 (CH), 121.1 (C), 123.8, 125.2,
126.0, 126.9, 127.8, 128.2, 132.6 (CH), 136.0, 140.9, 141.7, 146.0, 147.5, 158.9, 161.7, 167.7
(C); IR 1612, 1550 cm™; HRMS calcd for CooHigN2OzNa (MNa') 363.1110, found 363.1101

2-(Furan-2-yl)-4-methylquinazoline 92.

From fural-2-carbalehyde (42.3 mg, 0.44 mmol), as described for 75. Brown solid (65.2 mg,
76%); mp 106-108. *H NMR (400 MHz, CDCls), dy; 2.91 (3H, s, CH3), 6.53 (1H, dd, J = 3.4,
1.8 Hz, CH), 7.38 (1H, dd, J = 3.4, 0.8 Hz, CH), 7.49 (1H, ddd, J = 8.2, 7.0, 1.2 Hz, CH),
7.60 (1H, m, CH), 7.77 (1H, ddd, J = 8.4, 6.9, 1.2 Hz, CH), 7.99 (2H, m, CH); *C NMR &c;
20.6 (CHs), 111.0, 112.7 (CH), 121.6 (C), 124.2, 126.0, 128.1, 132.7, 144.1 (CH), 147.8,
149.2, 164.2, 167.7 (C); IR 1589, 1547 cm™; HRMS calcd for Ci3H1N,O (MH*) 211.0871,
found 211.0874.

4-M ethyl-2-(pyridine-2-yl)quinazoline 94.

From picolinaldehyde (47.0 mg, 0.44 mmol) as described for 75.Yellow solid (69.3 mg,
71%); mp 108-110 °C. *H NMR (400 MHz, DMSO0), 6y; 3.01 (3H, s, CH3), 7.59 (1H, m,
CH), 7.78 (1H, ddd, J = 8.2, 6.9, 1.2 Hz, CH), 8.05 (2H, m, CH), 8.14 (1H, m, CH), 8.35 (1H,
d, J=8.2 Hz, CH), 8.58 (1H, d, J = 7.7 Hz, CH), 8.82 (1H, d, J = 4.3 Hz, CH); *C NMR d¢;
22.2 (CHg), 119.6 (C), 123.4, 124.3, 125.5, 126.2, 128.6, 129.3 (CH), 130.7 (C), 134.91
(CH), 149.9 (C), 150.1 (CH) 158.7, 169.7 (C); IR 1616, 1569, 1549 cm*; HRMS calcd for
C14H1oN3 (MH™) 222.1031, found 222.1029.

1-(2-amino-5-bromophenyl)ethanone 95.

A mixture of 2-aminoacetophenone (1g, 7.4 mmol) and sulfonic-acid-functionalized-acid
(100 mg) in CH3CN-Et,0 (1:3) (25 mL) NBS was added (7.4 mmol). The mixture was stirred
at room temperature and the reaction was followed by TLC. After 3 hour the reaction was
completed and the mixture was filtered. The filtrate was concentrated and the residue was

subjected to column cromatography on silica gel (EtOAc/hexane) to obtained pure product as
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a brown solid (1.31g, 83 %); mp 81-84 °C. *H NMR (400 MHz, CDCls), dy; 2.60 (3H, s,
CHs), 6.59 (1H, d, J = 8.8 Hz, CH), 7.36 (1H, dd, J = 8.8, 2.3 Hz, CH), 7.87 (1H, d, J = 2.3
Hz, CH); *C NMR dc; 27.8 (CHs3), 106.6 (C), 119.1, 134.4, 137.4 (CH), 149.4, 199.8 (C).

1-(2-Amino-5-bromophenyl)ethanone O-phenyl oxime 96.

O-Phenyl hydroxylamine hydrochloride (0.68 g, 4.69 mmoles) was dissolved in anhydrous
pyridine (20 mL) under N, at room temperature, and 1-(2-amino-5-bromophenyl)ethanone (1
0, 4.69 mmoles) was added in one portion. The resulting solution was stirred at room
temperature overnight, and the progress of the reaction was monitored by TLC (EtOAc/
hexane, 1:2). Upon completion, the reaction mixture was poured into water (40 mL) and
extracted with EtOAc (3 x 30 mL), and the combined organic phases were washed several
time with saturated, agueous CuSO, solution to remove any traces of pyridine. The solution
was then dried over MgSO, and concentrated under reduced pressure. The residue was
purified by column chromatography (5% EtOAc/hexane) affording a yellow solid (955 mg,
67 %); mp 50-52 °C. *H NMR (400 MHz, CDCls), dy; 2.39 (3H, s, CHa3), 5.54 (2H, s, NHy),
6.55 (1H, d, J = 8.7 Hz, CH), 6.98 (1H, tt, J= 7.3, 1.1 Hz, CH), 7.15 (3H, m, CH), 7.27 (2H,
t, J = 7.4 Hz, CH), 7.45 (1H, d, J = 2.3 Hz, CH); *C NMR é¢; 14.1 (CH3), 108.5 (C), 115.2,
118.6 (CH), 119.6 (C), 122.8, 129.5, 131.6, 132.7 (CH), 145.5, 159.3 (C); IR 3475, 3341,
1611, 1593 cm™; HRMS calcd for Ci4H14N20"Br (MH™) 305.0289, found 305.0292.

6-Bromo-4-methyl-2-phenylquinazoline 97.

Benzaldehyde (349 mg, 0.33 mmol) was added to a solution of 1-(2-amino-5-
bromophenyl)ethanone O-phenyl oxime (100 mg, 0.33 mmoal) in toluene (0.15 M), containing
anhydrous ZnCl, (13 mg, 0.10 mmol) and emimPF, (100 mg, 0.46 mmol) in a microwave
vessel (2-5 cm®). The vessel was sealed and subjected to microwave irradiation for 30 min at
160 °C in a Biotage Initiator system. After cooling, the ionic liquid was filtered off and the
toluene was removed under reduced pressure. The residue was purified by flash column
chromatography (5 % EtOAc/hexane) affording the desired product as a yellow solid (87.2
mg, 89 %); mp 88-90 °C. *H NMR (400 MHz, CDCls), dy; 2.91 (3H, s, CH3), 7.43 (3H, m,
CH), 7.84 (2H, m, CH), 8.14 (1H, dd, J =1.8, 0.8 Hz, CH), 8.50 (2H, m, CH); **C NMR éc;
21.3 (CHg), 119.6, 122.8 (C), 126.3, 127.0, 127.6, 129.6, 130.0, 135.9 (CH), 136.8, 148.0,
159.4, 166.2 (C); IR 1616, 1565 cm™; HRMS calcd for Ci5H1No."Br (MH*) 299.0184, found
299.0189.
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1-(2-Amino-4,5-dimethoxyphenyl)ethanone O-phenyl oxime 98.

O-Phenyl hydroxylamine hydrochloride (0.74 g, 5.1 mmoles) was dissolved in anhydrous
pyridine (20 mL) wunder N, a room temperature, and 1-(2-amino-4,5-
dimethoxyphenyl)ethanone (1 g, 5.1 mmoles) was added in one portion. The resulting
solution was stirred at room temperature for 48 h, and the progress of the reaction was
monitored by TLC (EtOAc/ hexane, 1:2). Upon completion, the reaction mixture was poured
into water (40 mL) and extracted with EtOAc (3 x 30 mL), and the combined organic phases
were washed severa times with saturated, agueous CuSO, solution to remove any traces of
pyridine. The solution was then dried over MgSO, and concentrated under reduced pressure.
The residue was purified by column chromatography (5% EtOAc/hexane) affording a brown
solid (0.92, 63 %); mp 51-53 °C. *H NMR (400 MHz, CDCls), y; 2.40 (3H, s, CHs), 3.76
(3H, s, CH3), 3.78 (3H, s, CH3), 5.43 (2H, s, NH,), 6.18 (1H, s, CH), 6.85 (1H, s, CH), 6.95
(1H, tt, J = 7.3, 1.1 Hz, CH), 7.15 (2H, t, J = 8.1 Hz, CH), 7.25 (2H, t, J = 8.1 Hz, CH); °C
NMR oc; 13.9, 56.2, 57.6, 100.8, 109.4, 113.4, 114.7, 122.1, 129.3, 141.0, 141.98, 151.4,
159.4, 160.2; IR 3398, 3265, 1592, 1515 cm™; HRMS calcd for CigHioNoOs (MH™)
287.1396, found 287.1409.

6,7-Dimethoxy-4-methyl-2-(4-bromophenyl)quinazoline 99.

4-Bromobenzaldehyde (63.9 mg, 0.35 mmol) was added to a solution of 1-(2-amino-4,5-
dimethoxyphenyl)ethanone O-phenyl oxime (100 mg, 0.35 mmol) in toluene (0.15 M),
containing anhydrous ZnCl, (13 mg, 0.10 mmol) and emimPF,; (100 mg, 0.46 mmol) in a
microwave vessel (2-5 mL). The vessel was sealed and subjected to microwave irradiation for
30 min at 160 °C in a Biotage Initiator system. After cooling, the ionic liquid was filtered off
and the toluene was removed under reduced pressure. The residue was purified by flash
column chromatography (5 % EtOAc/hexane) affording the desired product as a yellow solid
(102.5 mg, 80%); mp 180-182 °C. *H NMR (400 MHz, CDCls), dy; 2.90 (3H, s, CHs), 4.01
(3H, s, CHg), 4.05 (3H, s, CH3), 7.16 (1H, s, CH), 7.57 (1H, s, CH), 7.61 (2H, d, J = 8.6 Hz,
CH), 8.44 (2H, d, J = 8.4 Hz, CH); IR 1619, 1551 cm™*; HRMS calcd for Ci7H16N-0, “Br
(MH") 359.0395, found 359.0388.
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6,7-Dimethoxy-4-methyl-2-(4-nitr ophenyl)quinazoline 100.

From 4-nitrobenzaldehyde (52.8 mg, 0.35 mmol), as described for 99. Yellow solid (105.6
mg, 91%); mp 201-203. *H NMR (400 MHz, CDCl3), dy; 2.90 (3H, s, CHs), 4.01 (3H, s,
CHs), 4.04 (3H, s, CHs), 7.17 (1H, s, CH), 7.39 (1H, s, CH), 8.27 (2H, d, J = 9.0 Hz, CH),
8.70 (2H, d, J = 9.0 Hz, CH); *C NMR d¢; 22.3, 56.3, 56.6 (CHs), 102.4, 107.3(CH), 118.8
(C), 123.7, 129.2 (CH), 147.7, 148.3, 148.9, 150.1, 150.7, 156.1, 165.3 (C); IR 1625, 1572,
1516, 1349 cm™; HRMS calcd for Cr7H16N3O4 (MH') 326.1141, found 326.1143.

2-Aminobenzaldehyde O-phenyl oxime 101.

O-Phenyl hydroxylamine hydrochloride (1.25 g, 8.3 mmoles) was dissolved in anhydrous
pyridine (25 mL) under N, at room temperature, and 2-aminobenzaldehyde (1 g, 8.3 mmoles)
was added in one portion. The resulting solution was stirred at room temperature overnight,
and the progress of the reaction was monitored by TLC (EtOAc/ hexane, 1:2). Upon
completion, the reaction mixture was poured into water (40 mL) and extracted with EtOAc (3
x 30 mL), and the combined organic phases were washed severa times with saturated,
aqueous CuSQO, solution to remove any traces of pyridine. The solution was then dried over
MgSO, and concentrated under reduced pressure. The residue was purified by column
chromatography (5% EtOAc/hexane) affording a yellow solid (1.36g, 78%); mp 45-47 °C. 'H
NMR (400 MHz, CDCls), dy; 5.49 (2H, s, NH,), 6.68 (2H, m, CH), 6.97 (1H, tt, J=7.2, 1.1
Hz, CH), 7.13 (4H, m, CH), 7.27 (2H, m, CH), 8.4 (1H, s, CH); *C NMR d¢; 1135 (C),
114.4, 115.8, 117.0, 122.3, 129.5, 131.2, 133.0 (CH), 146.9 (C), 155.0 (CH), 159.5 (C); IR
3467, 3325, 1618, 1593 cm™; HRMS caled for Ci3H13N20 (MH™) 213.1028, found 213.1025.

2-Phenethylquinazoline 102.%

3-Phenylpropana (63.2 mg, 0.47 mmol) was added to a solution of 2-aminobenzaldehyde O-
phenyl oxime (100 mg, 0.47mmoal) in toluene (0.15 M), containing anhydrous ZnCl, (18 mg,
0.14 mmol) and emimPF,4 (100 mg, 0.46 mmol) in a microwave vessel (2-5 cm®). The vessel
was sealed and subjected to microwave irradiation for 30 min at 160 °C in a Biotage Initiator
system. After cooling, the ionic liquid was filtered off and the toluene was removed under
reduced pressure. The residue was purified by flash column chromatography (5 %
EtOAc/hexane) affording the desired product as a yellow oil (90.2 mg, 82%). *H NMR (400
MHz, CDCly), du; 3.19 (2H, m, CHy), 3.38 (2H, m, CHy), 7.19 (5H, m, CH), 7.54 (1H, ddd, J
=8.1, 7.0, 1.2 Hz, CH), 7.83 (2H, m, CH), 7.92 (1H, d, J = 8.4 Hz, CH), 9.30 (1H, s, CH);
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13C NMR dc; 33.8, 41.3 (CHy), 122.1 (C), 124.9, 126.0, 126.8, 127.3, 127.4, 133.2, (CH),
140.7 149.3, (C), 159.6 (CH), 165.7 (C); IR 1619, 1585 cm’; HRMS calcd for CigHisN»
(MH*) 235.1235, found 235.1230.

2-(4-M ethoxyphenyl)quinazoline 103.%

From 4-methoxybenzaldehyde (63.9 mg, 0.47 mmol) as described for 102.Y ellow solid (78.9
mg, 71%); mp 81-83 °C. 'H NMR (400 MHz, CDCl3), du; 3.83 (3H, s, CH3), 6.97 (2H, d, J =
9.0 Hz, CH), 7.50 (1H, ddd, J = 8.2, 7.0, 1.2 Hz, CH), 7.81 (2H, m, CH), 7.97, (1H, d, J=8.3
Hz, CH), 8.50 (2H, d, J = 9.0 Hz, CH), 9.35 (1H, d, J = 0.7 Hz, CH); °C NMR d¢; 54.3
(CHs), 113.1 (CH), 123.4 (C), 125.8, 126.1, 127.4, 129.2, 133.0, 159.4 (CH), 142.7, 150.8,
161.8, 167.4 (C); IR 1606, 1588 cm™; HRMS calcd for CisH13N,0 (MH*) 237.1028, found
237.1031.

2-(Thiophen-2-yl)quinazoline 104.

From thiophene-2-carbaldehyde (52.6 mg, 0.47 mmoal), as described for 102. Yellow solid
(78.0 mg, 78%); mp 64-66 °C. *H NMR (400 MHz, CDCls), dy; 7.12 (1H, dd, J = 5.1, 3.8
Hz, CH), 7.44 (1H, dd, J = 5.0, 1.1 Hz, CH), 7.50 (1H, ddd, J = 8.1, 6.8, 1.0 Hz, CH), 7.81
(1H, m, CH), 7.83 (1H, m, CH) 7.94 (1H, d, J =8.9 Hz, CH), 8.08 (1H, dd, J = 3.7, 1.2 Hz,
CH), 9.28 (1H, s, CH); *C NMR d¢; 122.3 (C), 126.0, 126.3, 127.2, 127.4, 128.2, 129.0,
133.4 (CH), 140.8, 149.7, 157.0 (C), 159.8 (CH); IR 1617, 1586 cm*; HRMS calc for
C12HoN,LS (MH™) 213.0486, found 213.0483.

2-(6-Bromobenzo[d][1,3]dioxol-5-yl)quinazoline 106.

From 6-bromopiperonal (106 mg, 0.47 mmol), as described for 102. Y ellow solid (110.0 mg,
71%); mp 170-172 °C. *H NMR (400 MHz, CDCls), dy; 6.00 (2H, s, CH»), 6.99 (1H, s, CH),
7.13 (1H, d, J = 8.2 Hz, CH), 7.22 (1H, td, J = 7.6, 1.1 Hz, CH), 7.53 (1H, m, CH), 7.61 (1H,
dd, J = 7.8, 1.3 Hz, CH), 7.75 (1H, s, CH), 8.70 (1H, s, CH); *C NMR dc; 102.9 (CH,),
108.7, 112.9 (CH), 117.2 (C), 119.1 (CH), 120.3 (C), 126.0 (CH), 128.1 (C), 133.3, 133.9
(CH), 148.2, 152.0, 154.3 (C), 161.3 (CH), 174.4 (C); IR 1618, 1589 cm'*; HRMS calcd for
C1sH10N20,"Br (MH*) 328.9926, found 328.9926.
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4'-Methyl-1'H-spiro[cyclohexane-1,2' -quinazoline] 121.

From cyclohexanone (43.1 mg, 0.44 mmol), as described for 58 and 75. Brown oil (73.2 mg,
78 %) and (77.2 mg, 82 %) respectively. *H NMR (400 MHz, CDCls), dy 1.22-1.83 (10H, m,
CHy), 2.26 (3H, s, CHa3), 4.16 (1H, s, NH), 6.47 (1H, dd, J = 8.0, 0.6 Hz, CH), 6.60 (1H, td, J
=75, 1.0 Hz, CH), 7.11 (1H, m, CH), 7.21 (1H, dd, J = 7.7, 1.3 Hz, CH); *C NMR ¢ 20.8
(CH,), 21.2 (CHs), 24.1, 28.7, 35.8 (CH,), 68.4 (C), 113.3, 116.7, 125.6, 131.6 (CH), 122.7,
143.1, 162.6 (C) one C not obs.; IR 3350, 1631 cm™; HRMS calcd for CiaHigN, (MH™)
215.1546, found 215.1544.

2,2, 4-trimethyl-1,2-dihydroquinazoline 123.

From acetone (25.5 mg, 0.44 mmol), as described for 75. Brown oil (34.6 mg, 45%). *H
NMR (400 MHz, CDCl3), dy; 1.39 (6H, s, CH3), 2.24 (3H, s, CH3), 3.83 (1H, s, NH), 6.42
(1H, dd, J = 8.0, 0.8 Hz, CH), 6.60 (1H, td, J = 7.6, 1.1 Hz, CH), 7.09 (1H, td, J = 7.6, 1.4
Hz, CH), 7.22 (1H, dd, J = 7.7, 1.3 Hz, CH); *C NMR J¢; 21.5 (CHs), 28.4 2x(CHs), 67.8
(C), 112.9, 116.6, 125.1, 131.6 (CH), 116.8, 144.5, 161.0 (C); IR 3348, 1627 cm*; HRMS
calcd for Cy1HisN, (MH™) 175.1235, found 175.1235.

2-(4-methylquinazolin-2-yl)aniline 135.

A solution of 1-(2-aminophenyl)ethanone O-phenyl oxime (100 mg, 0.44 mmol) in toluene
(0.15 M), containing anhydrous ZnCl, (17 mg, 0.13 mmol) and emimPF, (100 mg, 0.46
mmol) was placed in a microwave vessel (2-5 cm®). The vessel was sealed and subjected to
microwave irradiation for 30 min at 160 °C in a Biotage Initiator system. After cooling, the
ionic liquid was filtered off and the toluene was removed under reduced pressure. The residue
was purified by flash column chromatography (5 % EtOAc/hexane) affording a yellow solid
(20 mg, 41 %); mp 162-165 °C. *H NMR (400 MHz, CDCls), dn; 2.92 (3H, s, CHs), 6.47
(2H, s, NH.), 6.73 (2H, m, CH), 7.17 (1H, m, CH), 7.47 (1H, m, CH), 7.75 (1H, m, CH), 7.90
(1H, d, J= 8.3 Hz, CH), 7.99 (1H, d, J = 7.7 Hz, CH), 8.59 (1H, dd, J = 8.0, 1.7 Hz, CH); *°C
NMR d¢; 21.1 (CH3), 115.9, 116.0 (CH), 118.3, 121.0 (C), 124.0, 125.5, 127.5, 130.3, 130.5,
132.4 (CH), 138.4, 148.0, 162.6 weak, 166.3 (C) weak); IR 3451, 3320, 1613, 1256 cm'™;
HRMS calcd for CisH14N3 (MH™) 236.1181, found 236.1188.
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2-(4-methylquinolin-2-yl)aniline 136.%®

As described for 137. Yellow solid (10 mg, 19 %); mp 77-79 °C [lit. 78-79 °C]*®. *H NMR
(400 MHz, CDCls), du; 2.73 (3H, s, CHs), 6.14 (2H, s, NHy), 7.19 (1H, t, J = 8.0 Hz, CH),
7.52 (1H, t, = 8.0 Hz, CH), 7.65(3H, m, CH), 7.96 (1H, d, J = 8.0 Hz, CH), 8.03 (1H, d, J =
8.0 Hz, CH) ; *°C NMR d¢; 19.1 (CHs), 117.3, 117.4 (CH), 121.1 (C), 121.8, 123.6 (CH),
125.9 (C), 126.5, 129.3, 129.4, 129.8, 130.1 (CH), 144.7, 146.7, 147.4, 158.9 (C).

175



Addition of Iminyl Radicals onto Imines; Syntheses of Quinazolines Promoted by Microwaves. Chapter 3

5.0 References.

(1)

2

©)
(4)

©)
(6)

(")

(8)
(9)

(10)

(11)

(12)
(13)

(14)
(15)
(16)

(17)
(18)
(19)
(20)

R. Katritzky, Advances in Heterocyclic Chemistry, Elsevier, 2008; T. L.
Gilchrist, Heterocyclic Chemistry, Addison Wesley Longman, 1997.

D. W. Fry, A. J. Kraker, A. McMichadl, L. A. Ambroso, J. M. Nelson, W. R.
Leopold, R. W. Connors and A. J. Bridges, Science, 1994, 265, 1093.

J. Kunes, M. Pour, K. Waisser, M. Slosarek and J. Janota, Farmaco, 2000, 55, 725.

M. A. €-Sherbeny, M. M. Ginenah, M. N. Nasr and F. S. €-Shafeith,
Arzneimittel for schung, 2003, 53, 206.

A. Foster, H. A. Coffrey, M. J. Morin and F. Rastingjad, Science, 1999, 286, 2507.

N. Malecki, P. Caroto, B. Rigo, J. F. Groosens, R. Houssin, C. Bailly and J. P.
Henichart, Bio-org. Med. Chem., 2004, 12, 641.

L. Bertelli, G. Biagi, I. Giorgi, O. Livi, C. Manera, V. Scartoni, A. Lucacchini, G.
Giannaccini and P. L. Barili, Eur. J. Med. Chem., 2000, 35, 333.

P. M. Bedi, V. Kumar and M. P. Mahgan, Bio-org. Med. Chem. Lett., 2004, 14, 5211
R. Gundla, R. Kazemi, R Sanam, R. Multtineni, J. A. R. P. Sarma, R. Dayam and N.
Neamati, J. Med Chem., 2008, 51, 3367.

J. F. Mendes da Silva, M. Walters, S. Al-Damluji and C. R. Ganellin, Bio-org. Med.
Chem., 2008, 16, 7254.

J. Connally, D. Cusack, P. J. O'Sullivan and T. P. Guiry, Tetrahedron, 2005, 61,
10153; T. Besson and E. Chosson, Combinatorial Chemistry & High Throughput
Screening, 2007, 10, 903.

S. Eguchi, ARKIVOC, 2005, ii, 98.

Rossi, G. Celentano and A. Stradi, Tetrahedron Lett., 1990, 31, 903; E. Ross, D.
Calabrese and F. Farma, Tetrahedron, 1991, 47, 5819.

Erba, D. Pocar and M. Valle, J. Chem. Soc. Perkin Trans. 1, 1999, 421.

H. Kotsubi, H. Sakai, H. Morimoto and H. Suenaga, Synlett, 1999, 12, 1993.

T. M. Traxler, P. Furet, H. Mett, E. Buchdunger, J. Meyer and N. Lydon, J. Med.
Chem., 1996, 29, 918. A. Luth and W. Lowe, Eur. J. Med. Chem., 2008, 43, 1478.
W. Szczepankiewicz and J. Suwinski, Tetrahedron Lett., 1998, 39, 1785.

W. Szczepankiewicz and J. Suwinski and R. Bujok, Tetrahedron, 2000, 56, 9343.

T. Mizuno, N. Okamoto, T. Ito, Y. Miyata, Tetrahedron Lett., 2000, 41, 1051.

J. Bergman, A. Brynolf, B. ElIman and E. Vuorinen, Tetrahedron, 1986, 42, 3697; P.
Wiklund and J. Bergman, Org. Biomol. Chem., 2003, 1, 367.

176



Addition of Iminyl Radicals onto Imines; Syntheses of Quinazolines Promoted by Microwaves. Chapter 3

(21)

(22)
(23)
(24)

(25)
(26)
(27)
(28)
(29)
(30)
(31)
(32)
(33)
(34)
(35)

(36)
(37)

(38)

S. J. Lee, Y. Konoshi, D. T. Yu, T. A. Miskowski, C. M. Rividllo, O. Y. Macina, M.
R. Frierson, K. Kondo, M. Sugitani, J. C. Sircar and K. M. Blazgewski, J. Med.
Chem., 1995, 38, 3547.

L. J. Wilson, Org. Lett., 2001, 3, 585.

A. Chilin, G. Marzaro, S. Zanattaand A. Guiotto, Tetrahedron Lett., 2007, 48, 3229.
J. Thurmond, M. E. R. Butchbach, M. Palomo, B. Pease, M. Rao, L. Bedell, M.
Keyvan, G. Pai, R. Mishra, M. Haradsson, T. Andresson, G. Bragason, M.
Thosteinsdottir, J. M. Bjornsson, D. D. Coovert, A. H. M. Burghes, M. E. Gurney and
J. Singh, J. Med. Chem., 2008, 51, 449.

J. A. Seijas, M. P. Vazquez-Tato and M. M. Mrrtinez, Tetrahedron Lett., 2000, 41,
2215.

D.S. Yoon, Y. Han, T. M. Stark, J. C. Haber, B. T. Gregg and S. B. Stankovich, Org.
Lett., 2004, 6, 4775.

V. Kumar, C. Mohan, M. Guptaand M. P. Mahgjan, Tetrahedron, 2005, 61, 3538.

S. Ferrini, F. Ponticelli and M. Taddel, Org. Lett., 2007, 9, 69.

D. Maitraie, T. Yakaiah, K. Srinivas, G. Venkat Reddy, S. Ravikanth, B. Narsaiah, P.
Shanthan Rao, K. Ravikumar and B. Sridhar, J. Fluorine Chem., 2006, 127, 351.

T. Besson and C. W. Rees, J. Chem. Soc. Perkin Trans 1, 1996, 23, 2857; T. Besson,
J. Guillard and C. W. Rees, Tetrahedron Lett., 2001, 41, 1027.

M. Soukri, G. Guillaumet, T. Besson, D. Aziane, M. Aadil, E. M. Essass and M.
Akssira, Tetrahedron Lett., 2000, 41, 5857.

R. Alexandre, A. Berecibar, R. Wrigglesworth and T. Besson, Tetrahedron, 2003, 59,
1413.

K. Friestad, Tetrahedron, 2001, 57, 5461.

G. Fdlisand I. M. Brinza, Tetrahedron, 1997, 53, 17543.

S. Takano, M. Suzuki, A. Kijimaand K. Oasawa, Chem. Lett., 1990, 315.

M. J. Tomaszewski and J. Warkentin, Tetrahedron Lett., 1992, 33, 2123.

C. Sandorfy, In The Chemistry of the Carbon-Nitrogen Double Bond; S. Patai, Ed.;
Interscience Publishers: London, 1970; p6.

Imine bond angle that of (E,E)-N-N'-big[(4-chlorophenyl)methylene]-1,3-
propanediamine. Tinant, B.; Declercq, J.P.; Acta Crystallogr. Sect.C: Cryst. Struct.
Commun. 1986, 42, 383, and the alkene bond angle that of (E,E)-3,7-decadienedioic
acid. Martuscelli, E.; Frasci, A. Actu CrystulZogr. Sect B: Strut. Sci. 1969, 25, 2547.

177



Addition of Iminyl Radicals onto Imines; Syntheses of Quinazolines Promoted by Microwaves. Chapter 3

(39)

(40)

(41)
(42)

(43)

(44)

(45)
(46)
(47)

(48)
(49)
(50)
(51)

(52)
(53)

(54)
(55)
(56)
(57)
(58)

R. Viswanathan, E. N. Prabhakaran, M. A. Plotkin and J. N. Johnston, J. Am. Chem.
Soc., 2003, 125, 163.

W. R. Bowman, P. T. Stepheson, N. K. Terett and A. R. Young, Tetrahedron Lett..
1994, 35, 6369.

O. Han, P. A. Frey, J. Am. Chem. Soc., 1990, 112, 8982.

E. N. Prabhakaran, B. M. Nugent, A. L. Williams, K. E. Nailor and J. N. Johnston,
Org. Lett., 2002, 4, 4197.

C. H. Schiesser, U. Wille, H. Matsubara, I. Ryu, Acc. Chem. Res., 2007, 40, 303; M.
Tojino, N. Otsuka, T. Fukuyama, H. Matsubara and I. Ryu, J. Am. Chem. Soc., 2006,
128, 7712; 1. Ryu, H. Miyazato, H. Kuriyama, K. Matsu, M. Tojino, T. Fukuyama, S.
Minakata and M. Komatsu, J. Am. Chem. Soc., 2003, 125, 5632.

Vo-Thanh, H. Lahrache, A.Loupy, I. J. Kim, D. H. Cang and C. H. Jun, Tetrahedron,
2004, 60, 5539.

P. S. Baran and J. M. Richter, J. Am. Chem. Soc, 2004, 126, 7450.

S.Kim, K. S. Yoonand Y. S. Kim, Tetrahedron, 1997, 38, 73.

M. —H. Le Tadic-Biadatti, A. —C. Cdlier-Dublanchet, J. H. Horner, B. Quiclet-Sire, S.
Z. Zard and M. Newcomb, J. Org. Chem., 1997, 62, 559.

W. R. Bowman, D. N. Clark and R. J. Marmon, Tetrahedron, 1994, 50, 1295.

Hine, Y. Chou, J. Org. Chem., 1981, 46, 649.

A. Pouihes, Y. Langlois, A. Chiaroni, Synlett., 2003, 1488.

B. Das, K. Ventateswarly, M. Krishnaiah and H. Holla, Tetrahedron Lett., 2006, 47,
8693.

M. Trost, A. C. Gutierrez, Org. Lett., 2007, 9, 1473.

F. Fontana, F. Minisci, M. C. N. Barbosa and E. Vismara, J. Org. Chem., 1991, 56,
2866; F. Minisci, F. Recupero, C. Punta, C. Gambarotti, F. Antonietti, F. Fontana and
G. F. Pedulli, Chem. Commun., 2002, 2496.

We thank an anonymous referee for suggesting this mechanism.

G. Kempter, H. U. Lehm, M. Plesse and A. Barth, J. Prakt. Chem., 1982, 324, 841.

S. H. Wiedemann, J. A. Ellman and R. G. Bergman, J. Org. Chem., 2006, 71, 1969.
N. Coskun and M. Cetin, Tetrahedron, 2007, 63, 2966.

N. Sakai, K. Annaka, A. Fujita, A. Sato and T. Konakahara, J. Org. Chem., 2008, 73,
4160.

178



Dioxime Oxalates as Iminyl Radical Precursors. A Preparative and ESR Sudy. Chapter 4

Chapter 4

Dioxime Oxalates as I minyl Radical
Precursors.

A Preparative and ESR Study.

179



Dioxime Oxalates as Iminyl Radical Precursors. A Preparative and ESR Sudy. Chapter 4

1.0 Introduction

The importance of free radicals in organic synthesis and the necessity for the
development of clean free radical precursors has been discussed in Chapter 1. Apart from
peroxides and azo-compounds, the range of molecules suitable for direct photolysis is quite
limited. The photolytic dissociation of these suitable molecules could be followed very
efficiently using ESR spectroscopy. Furthermore, the determination of radical concentrations
and therefore the assessment of kinetic data in radical process can be performed using ESR

spectroscopy.

1.1 Electron Spin Resonance Spectr oscopy (ESR).

Electron spin resonance spectroscopy (ESR), also known as electron paramagnetic
resonance (EPR), is related to the study of species containing one or more unpaired electrons
and therefore can be applied to the study of free radicals. The technique was first developed
in 1945 and since then has found many applications in physics, chemistry and biology. The
technique is extremely sensitive and can be used to detect radicals down to concentrations of
10°m.1

The principles of ESR are closely related to those of NMR spectroscopy. Just like the
proton in NMR spectroscopy, the electron spin in ESR has an associated magnetic moment.
Consequently, the electron will have two distinct energy levels in an applied magnetic field
and will undergo transitions between spin states if energy of the correct frequency is applied.

ESR records the magnetic resonance spectrum of unpaired electrons. The ESR
spectrum of a paramagnetic compound in an external magnetic field B can be described using

aHamiltonian operator (Eqn 1).

H=Hg+ HNz+HE|\|+HQ Egnl

Hegz is the electronic Zeeman operator, which represents the interaction between the
electron spin S and the external field B. Unpaired electrons have a non-classica intrinsic
angular momentum called spin. The spin is characterised by the quantum number Mg = (+/-)

1/2, that gives two spin states differing in M.

Ms=+21/2: spinup (4) or o
Ms=-1/2: spindown (v) or B
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The magnetic moment p is derived from the spin state using the equation p = -gBMs,
where M; is the electron spin, B is the Bohr magneton (eh/4nm = 9.2733E-24 JT7), where e
and m are the charge and the mass of the electron and h = 6.624E-27 is the Planck constant),
and g is adimensionless number whose value for afree electron is 2.0023. The interaction of

this magnetic moment and the applied magnetic field can therefore be described by (Egn 2).
Hez=-nB = gMB Eqn 2

In the absence of a magnetic field the two spin states are degenerate, i.e. they have the
same energy. When the magnetic field B, is applied it interacts with the magnetic moment
and the spin states are no longer degenerate. This is known as the Zeeman effect and the
difference in energy between the levels is given by the equation AE = gB. If electromagnetic
radiation of a frequency equivalent to this value of AE is applied, absorption takes place and
transitions from the lower energy state to the higher energy state and vice-versa can occur. In
a field of 3400 Gauss, the Larmor frequency of a free electron will be 9.2 GHz, therefore
ESR spectra are recorded in the microwave region of the electro-magnetic spectrum.

mg =+ 1/2

AE=Esq2-Eqp2

Energy

mg = - 1/2

By=0 By #0 Magnetic Field

The spin state of a free electron is influenced by its local atomic environment, which
in turn affects the g-factor of the electron and its magnetic moment. In a magnetic field the
unpaired electron possesses, in addition to its spin angular momentum, a small amount of
extra orbital angular momentum. It is the interaction between these, called spin-orbit
coupling, which results in electrons having a different effective magnetic moment from that
of the free electron. Since the equation for energy required for resonance is dependent on the
magnetic moment, this implies that radicals of differing g-factors will resonate at different
field strengths.

The nuclear Zeeman operator, Hyz represents the interaction between the nuclear spin
and the external magnetic field B,. This value is very small and is often negligible as the
nuclear magneton is approximately 1836 times smaller than the Bohr magneton. As a result
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the Zeeman energy is very much smaller than its electronic counterpart and can often be
ignored.

The term Hgy describes the interaction between the electron spin and the local nuclear
spins. Hyperfine splitting into a number of distinct lines can occur when there is an
interaction between the el ectron magnetic moment and the magnetic moment of neighbouring
magnetic nuclel and, analogous to NMR, the number of lines arising from hyperfine splitting
is dependent on the number of nuclear spin orientations.

If paramagnetic compounds contain one magnetic nucleus in close proximity to the
free electron, the unpaired electron will experience a local magnetic field arising from the
magnetic nucleus. For example, the proton spin has two possible orientations which are
parallel and antiparalel to the electron. There are four possible transitions but since the
nuclear spin quantum number (M,) cannot change during a transition, only two transitions are
allowed. For this reason the hydrogen atom will therefore give an ESR spectrum of two lines
of equal intensity. The separation between the two lines is known as the hyperfine splitting
and in genera can be used to deduce structural information about a free radical. As a general
rule the spectrum will contain (2nl+1) lines where | is the spin quantum number of the
nucleus and n is the number of equivaent nuclei present.

Hq describes the nuclear quadrupolar energy. This occurs when some nuclel with
spins of 1 or more possess an electric quadrupole moment, as the distribution of charge
density within the nucleus is not spherical. This does not occur in the organic molecules
described in this thesis and can be ignored here.

The net result of eliminating these operations from the Hamiltonian operator given in

(Egn 1), givesasimplified equation for the spectrum observed using ESR in solution (Egn 3).

H = gBB.S; + aS,l, Eqn3

In solids the radicals are fixed and can be orientated in any direction with respect to
the applied magnetic field. This means that the a- and g- values take on a number of different
values. However in solution phase ESR, molecular tumbling averages the values of a and g
resulting in simplified spectra.

As was mentioned earlier, a deep understanding of the kinetics of radical cyclization
is necessary for the planning and understanding of radical reactions. ESR has been applied to
the study of both dissociation and cyclisation kinetics and has provided valuable information
for planning synthetic strategies.
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1.2 Oxime Derivatives as Photochemical Radical Precursors.

1.2.1 Oxime estersasiminyl and alkyl radicals precursors.

In the 1980’ s Hasebe and co-workers®* demonstrated that benzophenone oxime esters
2 could readily be photolysed to generate alkyl radicals 5 together with the diphenyl iminyl
radical 3 (Scheme 1).

(0]

Phe_N., . 0
~hon arcocl Ph\r/N..O)LR hv Ph\fN .5 -
Ph Base Ph Ph o R
1 2 3 4 5
Ph
Phe _O RH 8
i /N‘N/)\Ph Y RAr 9
Ph Ph Rcl 10
6
Scheme 1

The photolysis reactions were carried out in benzene or carbon tetrachloride. The
diphenyliminyl radical either dimerised to give the benzophenone azine 6 or else abstracted
hydrogen to give an imine which was subsequently hydrolysed to the corresponding ketone 7.
The radical R(5) could then undergo classic free radical chemistry to give alkanes 8, akyl
aromatics 9 and alkyl chlorides 10.°

The homolytic chemistry of oxime esters was further investigated by Walton and co-
workers.®’ It was determined that the efficiency of oxime ester photolysis could be improved
through the incorporation of methoxy substituents into the aromatic ring and through the use
of photosensitisers. Oxime ester 11 was used in the preparation of cyclopentane ring 14 in
good yield (Scheme 2).

0]
H N Ho UN®
Meo\é // M{ MeO N ;> 5-ex0 \I\:>
-CO; = PhCH,
OMe
11

OMe
12 13 14

Scheme 2
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The oxime ester 11 on photolysis, cleaves at the N-O bond giving the iminyl and the
acyloxyl radical which rapidly loses CO; to give the alkyl radical 13. This can then undergo a
5-exo mode cyclisation, followed by hydrogen-atom abstraction from the solvent to give

methylenecyclopentane 14 in 77% yield.

1.2.2 Oxime oxalate amides as precur sors of iminyl and carbamoyl radicals.

It was apparent from the work of Hasebe”™ and Walton®”’ that the oxime functionality
was a suitable radical precursor for iminyl and alkyl radicals. Walton's group proposed to
study oxime oxalate amides as a precursor of iminyl and carbamoyl radicals. The oxime
oxalate amide still incorporates the weak N-O oxime bond and should function as a radical
precursor. The resulting acyloxyl radical 17 would then lose CO; to give the carbamoyl
radical 18 (Scheme 3).2

0O

R! 0 R! . 0
5 0 R o Lops
RZJ\\N'O\H)kN'R —>hv Rz/&N. + \H)J\In\] o I\N R
o R o R R*
15 16 17 18

Scheme 3

This methodology was applied in the synthesis of the B-lactam 23 from the
corresponding oxime oxalate amide 19. Upon irradiation of 19 in the presence of
photosensitizer in toluene iminyl radical 20 was produced as co-intermediate with the
aminoacyl 21. This aminoacyl radical underwent 4-exo ring closure to afford the secondary
radical 22. Interestingly, however, the product isolated was the hydroxylated compound 23
probably by reaction of 22 with dissolved dioxygen in toluene (Scheme 4).
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Scheme 4
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1.2.3 Dioxime oxalates as iminyl radicals precur sor.

As has been described in the introduction, new preparative methods that are more
environmentally friendly, and that allow access to new range of N-heterocycles, are emerging
from N-centered radical reactions. Of the available radical types, iminyls rank high because a
wide variety can be generated that react rapidly in C-N bond forming processes.

It has been shown from the work of Walton et al.°® that oxime esters and oxime
oxalate amides are useful sources of iminyl and alkyl radicals and iminyl and carbamoyl
radicals respectively.

It seemed possible therefore, that dioxime oxalates 24 could function as particularly
clean and atom-efficient sources of iminyl radicals, the only by-product being CO,. Dioxime
oxalates are readily prepared through the condensation of oxalyl chloride with two molecules
of oxime. These molecules contain the weak N-O bond and should work as radical
precursors.

Photolysis of dioxime oxalate 24 in the presence of photosensitizer MAP would give
rise to scission of the N-O bond yielding iminyl radical 25 and acyloxyl radical 26. This
acyloxyl radical 26 would then lose two molecules of CO, to give a second equivaent of the
iminyl radical 25 (Scheme 5).

R Q R 0 N R R?
RZJ\\N /O\HLO, N R2 MV RZ’J*N' . %o/ R 200, Ny
S \Fg MAP o) R R
24 25 26 25

Scheme5

The only previous attempt to generate radicals from dioxime oxaates was briefly
mentioned by Forrester et a.” in the late 70's. They found that the dioxime oxalate 27 derived
from the benzophenone oxime, on photolysis, underwent homolytic fission of the oxime N-O
bond to give two moles of the iminyl radical 28 and two moles of CO,. End-product analysis
revealed the expected imine 32 and benzophenone 31 derived from hydrolysis of the imine.
Traces of diazine 33 were also found probably from the dimerization of the iminyl radical.
The oxime 30 was aso isolated suggesting that some homolysis of the O-C bond also
occurred generating iminoxyl radical which can abstract hydrogen to yield oxime 30 (Scheme
6).
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This*“clean” source for generating iminyls was further investigated by Walton and co-
workers.'® Several iminyl radicals have been successfully generated from dioxime oxalates
and, most significantly, the dioxime oxalate from 5-phenylpent-4-ene-1-al 34 gave an
unsaturated iminyl radical 35 that cyclised via the 5-exo mode affording dihydropyrrole 36 in
47 % yield (Scheme 7).

{@5 el e g5

47 %
35 36 37

Scheme 7

2.0 Resultsand Discussion

It was postulated therefore that dioxime oxalates constituted useful precursors for the
clean and atom-efficient generation of iminyl radicals by sensitised UV photolysis as the
source of iminyl radical. Photochemical dissociations of the dioxime oxalates could be
followed by ESR spectroscopy and kinetic data may be determined. Iminyl radical generation
and cyclisation, for a representative range of dioxime oxalates, were investigated using UV
irradiation.
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2.1 Preparation of dioxime oxalates.

The first synthesis of a dioxime oxalate was by Brown et a.'' who prepared
symmetric dioxime oxalate derivative 39 from oxalyl chloride and perfluorobutyramidoxime
38in dry diethyl ether (Scheme 8).

HQN 0 NH,
/ (cocl, CF 0O N=
2| cF X N )=N 0 G
NH, Et,0 H,N o
38 39
Scheme 8

Jochims et al.* reported the preparation of six asymmetric dioxime oxalates in very
good yields. The treatment of oxalyl chloride with one equivalent of an oxime led to the
intermediate O-(chlorooxalyl)oximes 40 at low temperature in dry diethyl ether. Compounds
40, tended to be unstable and moisture-sensitive. A second equivalent of oxime reacted with
O-(chlorooxalyl)oxime to afford the dioxime oxalates 41 (Scheme 9).
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40 41

Scheme 9

This method was used in the preparation of both symmetrical and asymmetrical
dioxime oxalates with a radical acceptor in a suitable position. The efficiency of the
photolytic generation of iminyl radica from dioxime oxaates was studied by ESR
spectroscopy. Purification was usualy impracticable because most of the dioxime oxalates
were oils that hydrolyzed rapidly on exposure to air and during chromatography (SIO, or
Al,O3) to give the oxime and ketone. However, by using fresh oxalyl chloride, and by careful
control of the reactant quantities, ailmost pure dioxime oxalate could be made quantitatively
and used immediately without further purification.

The symmetrical dioxime oxalate 46, with an alkene in a suitable position for 5-exo
cyclisation of the iminyl radical, was prepared in three steps from 4-methoxyacetophenone.
Reaction of the ketone 42 with KH in the presence of EtsB generated the enolate, which

underwent nucleophilic substitution onto allyl bromide 43, affording the vy,6-unsaturated
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ketone 44 in good yield. Condensation with hydroxylamine hydrochloride in ethanol and in
the presence of sodium acetate afforded the unsaturated oxime 45 in 67 % yield (Scheme 10).

sOH
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3 _—
MeO KH, Et;B, THF  MeO NaOAc MeO
72 % 67 %
42 ¢ 44 45
Scheme 10

Two equivalents of oxime 45 in diethyl ether were added dropwise to a stirred
solution of oxalyl chloride in Et,O at -40 °C and the mixture was stirred for 3 hours before
allowing it to warm up to room temperature. Dioxime oxalate 46 was a purple oil which
decomposed rapidly. Purification by flash chromatography in silica and auminawas tried but
the compounds did not survive these processes. Nevertheless, the crude reaction showed a

guantitative formation of dioxime oxalate 46 as a mixture of E/Z sterecisomers (Scheme 11).

NIJ OH
= (COCl)Z
EtZO
MeO

-40 °C-RT

45
Scheme 11

Dioxime oxaate 51 was also chosen as a model to study the structure of radical
intermediates using ESR spectroscopy. In this case no aryl groups were present in the radical
precursor. Instead an alkyl chain with an ester group was present for further functional group
transformations. The keto-ester 49, needed for making a suitable dioxime oxalate precursor
51, was prepared by allylation of 2-methylcyclopentane-1,3-dione 47 by reaction with alyl
bromide in the presence of NaOH. The allylated cycloakanone 48 was ring opened and
esterified yielding 49, which was converted in the corresponding oxime 50 by reaction with
hydroxylamine hydrochloride in standard conditions (Scheme 12).
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Scheme 12

A symmetrical dioxime oxalate 51 was first prepared by reaction of two equivalents
of the unsaturated oxime 50 with oxalyl chloride. The reaction was carried out under an inert
atmosphere and -25 °C for 3 hours. After that time the solvent was removed under reduced
pressure affording a red oil, which hydrolyzed readily to the oxime 50. No further
purification could be carried out with these types of dioxime oxalates. The crude NMR
showed a mixture of stereoisomers of 51 and almost nothing of the starting oxime 50, which

made them suitable for ESR spectroscopy (Scheme 13).
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Asymmetric dioxime oxalates were also prepared, with one haf containing an
aromatic oxime. They were prepared by reacting the oxime from benzaldehyde 52, 2,4-
dimethoxybenzal dehyde 53 and benzophenone 54 with one equivalent of oxalyl chloride in
diethyl ether at -20 °C for 2 hours, giving the oxoacetyl chloride intermediates as a moisture
sensitive powder 55-57. Without further purification, they were reacted with y,6-unsaturated
oxime 50 under the same reaction conditions for another 2 hours to afford a set of asymmetric
dioxime oxaates 58-60 containing an aryl group. These dioxime oxalates were obtained as
moisture-sensitive purple oils which hydrolyzed very easily to the corresponding starting
materia (Scheme 14).
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Following the successful preparation of these dioxime oxalates and the development
of a genera route to their preparation, it was decided to investigate the photochemistry of
these compounds via ESR spectroscopy.

2.2 ESR Spectroscopy of dioxime oxalates.

In this project, ESR was used to determine the structures of radical intermediates and
hence to validate the mechanism of their photodissociation. The spectrometer used for these
studies was a Bruker EMX 10/12 operating at 9.5 GHz with 100 kHz modulation. Samples
were photolysed in the resonance cavity by unfiltered light from a 500 W super pressure Hg

lamp.

Samples were prepared by taking 20 mg of the starting dioxime oxaate and
dissolving in t-butylbenzene (ca. 500 pL). To this was then added two molar equiv. of the
photosensitizer, para-methoxyacetophenone (MAP). The sample was deaerated under N, and
then sealed in a4 mm quartz ESR tube.

2.2.1 EPR spectroscopy of symmetric dioxime oxalates.

The photochemistry of the symmetrical dioxime oxalate 46 was first examined. As
explained above, iminyl radical 61 was expected from the photodissociation of the weak N-O
bond of the dioxime 46, together with the corresponding carbon-centred radical 63, resulting
from 5-exo cyclisation of the iminyl radical (Scheme 15). It was also a possibility, according
with the results obtained by Forrester and co-workers, that iminoxyl radica 62 could be

detected by a possible, but improbable, C-O bond scission.
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Spectra were obtained over arange of temperatures. Figure 1 represents the spectrum
obtained at 240 K.
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Figure 1. 9.4 GHz ESR spectrum obtained on photolysis of the solution of 46 and MAP in tert-
butylbenzene at 240 K, I; iminyl radical 61, C; carbon centered radical 63.

The spectrum clearly shows a 1:1:1 triplet with an a(N) value of 10.1 G (marked 1)
which is typical of an iminyl radical, 61. At this temperature a second radical species was
observed which is shown also in Figure 1. The EPR parameters were a(N) = 3.65 G, a(2H) =
219G, a(1H) = 28,2 G and g = 2.0025 (marked C).

The 21.9 G hfs are typica of a-hydrogens of carbon centred radicals and this together
with the g-factor, showed this to be a carbon-centred radical. It was attributed to the 2-
azacyclopentylmethyl radical 63 formed by 5-exo cyclisation of iminyl radical 61 onto the
double bond. Figure 2 shows the simulation of the iminyl radical 61 and carbon-centred
radical 63.
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Figure 2. Simulation of iminyl radical 61 and carbon centered radical 63.

If the dlightest trace of starting oxime was present, the iminyl radical spectrum was
accompanied by that of the iminoxyl radical 62. However, iminoxyls was not observed when
completely pure dioxime oxalate 46 was employed. It was believed therefore, that the
iminoxyl spectraresult from H-atom abstraction, probably by MAP triplet states, from traces
of oxime impurities and are not due to UV induced scission of the O-C bond in dioxime
oxalates. Iminoxyl radicals are persistent and have much longer lifetimes than iminyls so
their concentration can build up to levels detectable by ESR spectroscopy even when only
minute traces of oxime 45 are present. The observation of iminoxyl by Forrester et a.? was
probably due to the same cause.

The ESR spectra established that iminyls are cleanly released from dioxime oxalates
containing aryl groups, on photolysis. It also showed that 5-exo radical cyclisation occurred
efficiently and the characteristic signals of carbon centred radicals were observed.

The photodissociation of symmetric dioxime oxalates without any aryl group were
also examined by ESR spectroscopy. A sample of precursor 51 was prepared in the standard
way and photolysed with light from the 500 W UV lamp in the presence of two equivalents
of MAP. Iminyl radical 64 was expected to be formed by homolysis of the N-O bond and
subsequent cyclisation onto the double-bond should afford carbon-centred radical 65. Both
radicals could potentially be detected under UV photolysis by ESR spectroscopy (Scheme
16).
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Figure 3 shows the spectrum obtained on photolysis of the dioxime oxalate 51 in the
presence of MAP at 240K. Neither the characteristic signals of the iminyl radicals, nor the
signals of the carbon-centred radicals could be detected.
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Figure 3. 9.4 GHz ESR spectrum obtained on photolysis of the solution of 51 and MAP in fert-
butylbenzene at 240 K.

On the other hand the signal corresponding to the iminoxyl radical 66, which is a
stable and long-lived radical dominated the spectrum (Figure 4). The EPR parameters were
a(N) =30.5, a(3H) = 1.3G. and g = 2.0070 at 240 K.
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It is possible that the iminoxyl radicals result from the C-O bond homolysis of the dioxime
oxalate but this seems improbable. It has been shown above that iminyl radicals were
generated efficiently from dioxime oxalate 46, which contained an aryl group close to the
C=N bond. Moreover, Walton and co-workers'® found for the dioxime oxalate 35 that the N-
O and C-O bond lengths are 1.442 A and 1.361 A respectively. The longer N-O bond
compared to N-O bonds in oximes suggests it may be weak and will probably break more
readily than the C-O bond. Furthermore carbon dioxide is a more favourable by-product
resulting from N-O bond homolysis, than carbon monoxide resulting from the cleavage of the
C-O bond.

It was therefore believed, that the radiation was insufficient to afford the homolysis of
the C-O bond and therefore that the iminoxyl radicals resulted from H-atom abstraction from

residual oximesin the EPR samples.

2.2.1 EPR spectroscopy of asymmetric dioxime oxalates.

Considering that the homolysis of the N-O bond in symmetric dioxime oxalates
without aryl group did not work, it seemed possible that transfer of energy from the excited
state of MAP was inefficient with this kind of precursor. It was decided to study the
photosensitised decomposition of asymmetric dioxime oxaates containing an aromatic
moiety. Increasing the chromophoric activity of the radical precursors may promote
homolysis of the N-O bond. Furthermore, the transmission of energy from the photosensitiser
to the dioxime oxalates may also be more effective.

Dioxime oxaate 59 from the corresponding 2,4-dimethoxybenzaldehyde oxime 53
was firstly investigated by ESR spectroscopy at several temperatures. The samples were
prepared in tert-butylbenzene in the standard way and photolysed with light from 500W UV
lamp in the presence of two equivalents of MAP. In this case, three different radicals were
expected to be detected by ESR spectroscopy. The benzyl iminyl radical 67 corresponding to
the aromatic part of the dioxime oxaates 59, the y-6-unsaturated iminyl radical 64 and the
carbon-centred radical 65 formed after 5-exo iminyl radical cyclisation onto the double-bond
(Scheme 17).
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Figure 5 shows the spectrum obtained on photolysis of the dioxime oxalate 59 in the
presence of MAP at 255 K. The 1:1:1 triplets (marked |) at either extreme of the spectrum,
are dueto aryl iminyl radical 67. A second radical speciesis observed in the spectrum which
may be the carbon centred radica 65 (marked C), resulting from 5-exo cyclisation.
Apparently, the signal of y,6-unsaturated iminyl radical 64 characterised by a 1:1:1 triplet
with an a(N) value of 10.1G did not appear, which would mean that the intramolecular ring
closure onto the double bond was very fast. The EPR parameters were: aryl iminyl radical (1)
g = 2.0034, a(H) = 81.2, a(N) = 10.1G; cyclised radical (C) g = 2.0025, a(2H) = 21.7 G, a(
1H)=28.8Ganda(N) =35 G at 255 K.
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Figure S. 9.4 GHz ESR spectrum obtained on photolysis of the solution of 59 and MAP in tert-
butylbenzene at 255 K; I; iminyl radical 67, C; carbon centred radical 65.

Figure 6 represents the smulated ESR of iminyl radical 67 and carbon-centred radical
65. The 21.7 G hfs observed is typica of a-hydrogens of carbon-centered radicals and this,
together with the g-factor, indicates this to be a carbon-centred radical. The spectrum was run

at lower temperature to try to identify the vy,5-unsaturated iminyl radical but the signals
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broadened owing to inefficient tumbling and to the presence of solid in the sample. Also, the

spectrum was run at higher temperatures but the peaks decreased in intensity.
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Figure 6. Simulation of iminyl radical 67 and carbon-centred radical 65.

Another asymmetric dioxime oxalate studied was 60 from the corresponding
benzophenone oxime which was UV photolysed under usua conditions. Benzophenone
iminyl radical 68, y,5-unsaturated iminyl radical 63 and carbon-centred radical 64 from the 5-
exo cyclisation were expected (Scheme 18).
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Scheme 18

Figure 7 shows the spectrum obtained on photolysis of the dioxime oxalate 60 in the
presence of MAP at 250K. The main feature is clearly a nitrogen-centred radical asa 1:1:1
triplet with an a(N) = 10.1G which is typical of an iminyl radical (marked |). Presumably,
these signals belong to benzophenone iminyl radical 68. The v,6-unsaturated iminyl radical
64 may be under the signal of the radical 68. On the other hand, the signals of the carbon-
centred radical of 65 (marked C) resulting of the 5-exo cyclisation could be observed, which
confirmed the proposed route. The EPR parameters were: benzophenone iminyl radical (1) g
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=2.0033, a(N) = 10.1G.; cyclised radical (C) g = 2.0025; a(2H) = 21.8; a(H) = 27.5; a(N) =
3.1G.
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Figure 7. 9.4 GHz ESR spectrum obtained on photolysis of the solution of 60 and MAP in tert-
butylbenzene at 255 K, I; iminyl radical 68, C; carbon centered radical 65.

It can be concluded that iminyl radical generation takes place much more readily,
when the dioxime oxalate contains an aromatic ring attached to the C=N moiety of the
dioxime oxalate. The presence of an aryl ring appeared to enhance energy pick-up by the
dioxime oxalate from the MAP excited state. Although iminoxyl radicals were detected in
several cases, it was believed that they were due to traces of starting oxime and not to UV
induced scission of the O-C bonds in dioxime oxalates.

The identification of severa dihydropyrrolo-methyl radicals also confirmed that
unsaturated iminyl radicals underwent 5-exo mode cyclisation rather than the disfavoured 6-
endo-cyclisation. The observation of these iminyl and carbon-centred radicals gives a good
indication of the potential for dioxime oxalates to serve as iminyl radical precursor and their
success in forming cyclised species.

2.3 Kinetic study for iminyl radical cyclisation using ESR spectroscopy.

Knowledge of the rate constants of iminyl radical reactions would be useful for
synthetic design, but kinetic studies of iminyl radical reactions have been limited. Newcomb
and co-workers™ reported the rate of ring closure for the 2-methyl-6,6-diphenyl-5-
hexeniminyl radical and found it to be in the order of 2 x 10°s™ at 298 K. Apart from this
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work, kinetic studies of iminyl radicals have been confined to self-trapping** and p-

fragmentation.’®
2.3.1 1-(4-M ethoxyphenyl)pent-4-en-1-iminyl radical.

The absorption intensity of ESR signals generated by transient free radicals is directly
proportional to the radical concentration. However, measurements of these parameters are
relatively difficult as the reactive radicals exist in very low concentrations and are often very
difficult to detect.

In order to gain kinetic data using ESR, it was necessary to record measurements

when both of the transient radicals could be distinguished on the same spectrum (Figure 8).
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Figure 8. 9.4 GHz ESR spectrum obtained on photolysis of the solution of 46 and MAP in tert-butylbenzene at 245 K.
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Using the appropriate computer software, it is possible to select a small portion of the
ESR differential spectrum on which a double integration can be easily performed. Hence the
area underneath the selected peaks can be determined. For example, the ESR spectra acquired
on photolysis of dioxime oxalate 46 at 245 K showed peaks that were generated by both the
iminyl radical 61 and the dihydropyrrolo-methyl radicals 63. The first integral of the first
derivative ESR spectrum was obtained by using Bruker WIinEPR software which gave a
profile with a distorted baseline. Fortunately the software is provided with a baseline
correction facility, which allows the baseline to be reset in such manner that the second

integral can be obtained giving a step diagram similar to that used in NMR (Figure 8).

In order to obtain the actua concentration of a transient radical, comparison of the
double integral value with that obtained from a standard solution containing a stable radical
of known concentration was necessary. A standard solution of 2,2-diphenyl-1-picrylhydrazyl
(DPPH) in toluene having a known concentration of 10 M was prepared and 250 plL aliquot
was placed in a quartz ESR tube before being thoroughly degassed with N,. The sample was
inserted into the resonant cavity, and the ESR spectra acquired using identical parameters to

those used with the dioxime oxalates (Figure 9).

Figure 9. 9.4 GHz ESR spectrum obtained on photolysis of the solution
of DPPH in toluene.

The photolysis of dioxime oxalate 46 was therefore investigated by ESR spectroscopy
in order to determinate Kinetic information. The ESR samples were prepared by taking 70 mg
of the starting dioxime oxaate 46, 2 mol equiv of MAP and dissolving them in tert-
butylbenzene (3.5 cm®). The solution was stirred until homogeneous and this allowed the
preparation of seven identical samples, each of 500 pL. The degassed sample was placed in
the resonance cavity and ESR spectra were obtained in a range of temperatures. The

temperature had a direct effect on radical cyclisation and the spectrum varied significantly.
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Figure 10 shows the ESR spectrum obtained on photolysis of 46 at 245 K and 280 K. As the
temperature was increased the intensity of the iminyl radical 61 | began to diminish and the
signals of the cyclised species 63 C to increase.

ccc ccicl cc|]| ccl|ccc ccc
T=245K
T=280K

Figure 10. 9.4 GHz ESR spectra obtained on photolysis of a solution of 46 and MAPin
tert-butylbenzene at 245 K and 280 K. I; iminyl 61, C; cyclised radical 63.

The concentration of the two transient radicals 61 and 63 at each temperature, were
determined by direct comparison of doubly integrated spectral lines to a standard DPPH
spectrum. The derived values for the transient radical concentrations were placed into the
steady state equation to give avalue for logkd/2k; at each temperature. Eqn 4 shows the steady
state equation derived for the photolysis of dioxime oxalate 46.
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The steady state equation was derived with the assumption that the termination rates
of theiminyl 61 and the cyclised radical 63 are diffusion controlled so that 2k; is the same for

each species and is about the same as that of other small radicals such as t-butyl.

Data for the diffusion-controlled rate constants of t-butyl radicals (2k;) have
previously been determined for many solvents by Fischer and co-workers.’® These data
allowed the calculated 2k; values to be corrected for solvent viscosity and provided the values
used in determining the Arrhenius parameters of k.. Table 1 shows the kinetic ESR data
obtained for dioxime oxalate 46.

T/IK [63] [61] L ogk o/2K+ 10%T L og 2k; kds®

245 2,04E-08 | 8,66E-09 717 4,06 9,08 8,20E+01
248 2,07E-08 | 4,54E-09 -6,94 4,01 9,12 1,52E+02
250 1,94E-08 | 4,35E-09 -6,98 3,98 9,15 1,50E+02
252 2,56E-08 | 5,89E-09 -6,86 3,95 9,18 2,06E+02
255 2,26E-08 | 6,07E-09 -6,97 3,90 9,22 1,76E+02
258 1,94E-08 | 3,92E-09 -6,94 3,85 9,25 2,07E+02
260 2,14E-08 | 5,25E-09 -6,96 3,82 9,28 2,06E+02
265 1,89E-08 | 2,81E-09 -6,84 375 9,33 3,15E+02
270 2,29E-08 | 3,02E-09 -6,71 3,68 9,39 4,79E+02
272 1,57E-08 | 1,09E-09 -6,62 3,65 9,41 6,18E+02
275 2,05E-08 | 1,87E-09 -6,61 3,61 9,44 6,70E+02
280 1,28E-08 | 6,16E-10 -6,56 3,55 9,48 8,47E+02

Table 1. Kinetic ESR data for 46 (70 mg), in t-BuPh (3.5 mL) with 2 eq MAP.

The variation in the rate of a chemical reaction with temperature can be represented
using the Arrhenius equation. By plotting the calculated values of log k. against 10*/T for the
data of Table 1, and implementing a line of best fit (Figure 11), it was possible to obtain the
associated gradient and intercept of this line, which are related to the values of the activation
energy (Ec) and the pre-exponential factor (A) for 46 (Equation 5)

EC
RT

Ink,=In A, -

Equation S
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logKcversus 10e3/T
3,005

i 8

y=-1,7727x+9,1389
R*=0,9212

28

log(ko's)

20

1.5
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3,5 3.7 39 4,1 4,3 4,5
10e3/T

Figure 11. Plot of log k. against 10%/T.

For iminyl radical the accessible temperature range was small and the error limits on
individual rate constants was large. Because of the long extrapolations required, reliable pre-
exponential factors could not be derived. Instead, it is well established"’ that the log(A)
values of 5-exo cyclizations are close to 10.0 s*, and therefore this value was used for

evaluations of the activation energies.

Radical kds® (300K) Log Ad/s™ E./ kcal mol™

61— 63 2 E+03 10.0 9.1

Table?2

The rate constant of 2.0 x 10° s* at 300 K for ring closure of the iminyl radical 61
would appear to be a reasonable figure for the 5-exo cyclisation. As was mentioned earlier,
Newcomb and co-workers determined the rate of ring closure for the iminyl radical 69%.
They found k. for this iminyl radical to be three orders of magnitude larger than the one
found for 61. The difference between these rate constants may be due to the presence of the
two terminal phenyl rings in the alkene radical acceptor. The tertiary radical 70 would be
strongly delocalised which would favour the cyclisation process. Table 3 illustrates some rate
constants determined for ring closure reactions. It can be seen that, the rates of carbon ring
closure onto alkenes with two phenyl rings 73 to give tertiary radical 74 are around 2 orders
of magnitude faster than those onto the simple carbon double bond 71*® to give the primary
radical 72. Thisisin agreement with the kinetic data obtained for 61.
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Radical Cyclised Radical k. (s

Ph\/|/\N;\
X

61 63
-
_N_ _Ph .
\C\th bﬁh 2x10
69 h 70
72
' Eg_-{ h 2x 107
SN Ph Ph
73 Ph 74

Table 3. Rate constants of cyclisation for iminyl and carbon-centered radicals at 300 K.

2x 103

-

2x10°

/

2.3.2 Kinetic study of 2,2-Dimethyl-1-phenylpent-4-en-1-iminyl radical.

The kinetics of cyclisation of iminyl radical 77 were aso studied by ESR
spectroscopy from 237 K to 285 K. In this case, the unsaturated nitrogen-centered radical 77
contained two geminal methyl groups (Scheme 19).

N
(COC]Z) WV
EtZO MAP, tBuPh

75 77 78

Scheme 19

An acceleration of the cyclisation was expected due to the replacement of hydrogen
atoms with alkyl groups. Decreasing the natura tetrahedra angle by introducing two
germina methyl groups which repel each other, greatly favours the 5-membered ring
formation by the so called Thorpe-Ingold effect, by compressing the two reactive centres

close together.™®
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The ESR samples were prepared by taking 70 mg of the starting dioxime oxalate 76, 2

mol equiv of MAP and dissolving them in tert-butylbenzene (3.5 cm®). The solution was

stirred until homogeneous and this allowed the preparation of seven identical samples, each

of 500 pL. The degassed sample was placed in the resonant cavity and was cooled to 237 K.

Once the temperature had reached thermal equilibrium the cavity was photolysed with light

from 500 W UV lamp and the ESR spectrum was recorded. The cavity temperature was then

increased and a fresh sample was placed in the resonant cavity. This was also photolysed and

the spectrum recorded. The process was repeated, increasing temperature until 285 K.

T/K [78] [77] L ogK o/2k; 10°/T L og 2k, Kdst
237 5,38E-09 | 5,74E-08 -8,23 4,20 8,96 5,3
242 8,04E-09 | 4,77E-08 -8,03 411 9,03 10,2
245 6,43E-09 | 4,28E-08 -8,13 4,06 9,08 8,9
248 5,42E-09 | 3,90E-08 -8,21 4,01 9,12 8,2
252 1,01E-08 | 2,67E-08 -7,85 3,95 9,18 21,0
258 6,32E-09 | 2,08E-08 -8,08 3,85 9,25 14,8
262 1,10E-08 | 3,34E-08 -7,83 3,79 9,30 29,2
267 9,46E-09 | 2,42E-08 -7,83 3,72 9,36 29,9
272 1,26E-08 | 1,68E-08 -7,66 3,65 9,41 56,6
275 9,63E-09 | 1,60E-08 -7,81 3,61 9,44 423
280 1,35E-08 | 1,69E-08 -7,62 3,55 9,48 73,9
285 1,05E-08 | 1,45E-08 7,74 3,48 9,53 60,8

Table 4. Kinetic ESR datafor 76 (70 mg), in t-BuPh (3.5 mL) with 2 eq MAP.

By plotting the calculated values of log k. against 10*/T, and implementing a line of

best fit, it was possible to obtain the activation energy (E.) and the pre-exponential factor (Ac)
for 76 (Figure 12 and Table 5).
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Logkc vs 10e3/T
25
‘= -1.5660x+7.3451
20 1 T Re09233
FRER
f=]
o
-
10 1
0.5
0,0 T T T T
34 3.6 3.8 4.0 42 44
10e3/T
Figure 12. Plot of log k. against 10°/T.
Radical kdst (300K) Log Ads? EJ kcal mol™
77— 78 3 E+02 10.0 10.6

Table5

The Thorpe-Ingold effect proved to be efficient in the cyclisation of carbon-centred
radical 79* increasing by one order of magnitude the rate constant with respect to the parent
species 71. Surprisingly, the measured rate constant for iminyl radical 77 turned out to be one
order of magnitude less than the related iminyl radical 61. Therefore, no support was

forthcoming for gem-dimethyl enhancement of aryliminyl cyclization (Table 6).

Radical Cyclised Radical k. (s
Ph.__N" Phe_N
SO S
X
77 78
707. 5x 109
X
79 80

Table 6. Rate constants of cyclisation for iminyl and carbon-centered radicals at 300 K.
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This unexpected result may be due to the steric interaction between the phenyl ring
and the two gemina dimethyl groups that may cause a loss of planarity in the system and
therefore an increase of energy. Figure 13 represents the crystal structure of the 2,2-dimethyl-
1-phenyl pent-4-en-1-one oxime 75. It shows that the torsion angle of C(6)-C(1)-C(7)-N(7) is
87.4 ° probably due to the presence of the two methyl groups. Thus, it was probable that the

same interaction had taken place in the iminyl radical 77.

Figure 13. X-Ray structure of the oxime 75.

It seemed possible that this surprisingly low rate constant might be a result of slow
decay of radical 77. Steric shielding of the iminyl radical centre might impede dimerisation
giving 77 some persistence and thus lowering 2k;. To check on this possibility, a sample of
dioxime oxalate 76 and MAP in t-BuPh was studied by ESR spectroscopy with and without

UV irradiation. The radical decayed rapidly with second-order kinetics when the light was
cut off (Figure 14) and hence 77 was not persistent and the normal 2k; applied.

ol

Figure 14. 9.4 GHz ESR signal decay for iminyl radical 77.
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2.3.3 Kinetic study of 4-methyl-1-phenylpent-4-en-1iminyl radical.

Dioxime oxalate 81 was used as the precursor in the study of the 5-exo cyclisation of
iminyl radical 82. In this occasion, the unsaturated iminyl radical had a methyl group in the 4-
position, which may slow down the 5-exo cyclisation to give 83. It was possible therefore,
that formation of carbon-centered radical 84 could happen by a 6-endo ring closure (Scheme
20).

N
. 83
—N 0) N 5-exo
LS T
o _ MAP, tBuPh
Y N 6-endo N
| 84
81 82
Scheme 20

ESR was used to determine the structures of radical intermediates and hence to
validate the mechanism of the photodissociation. Figure 15 shows the spectrum obtained on
photolysis of the dioxime oxalate 81 in the presence of MAP at 275 K. The 1:1:1 triplet
(marked 1) has a a(N) value of 10.1 G which is typical of an iminyl radical 82. A second
radical species with atriplet of triplet structure was observed in the spectrum which may be
attributed the carbon centred radical 83 (marked C).

*10"® | |
40
| C C
20 7 ccc ccec
o WWWWWWW
20 A
-40
60 -

3350 3375 3400 3425 G

Figure 15. 9.4 GHz ESR spectrum obtained on photolysis of the solution of 81 and MAP in tert-
butylbenzene at 275 k, I; iminyl radical 82 and C; carbon centred radical 83.
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The parameters of this intermediate are a(2H) = 21.8 G and a(N) = 43 G
corresponding with the carbon centered radical 83 resulting from 5-exo cyclisation. None of
the cyclised radical 84 was found in the spectrum which confirms that the 5-exo mode was

faster than the 6-endo one.
*10"

20

10
0

-10

-20

3350 3375 3400 3425 G
Figure 16. Simulation of iminyl radical 82 and carbon centred radical 83.

To determinate kinetic data of the cyclisation process, ESR samples were prepared as
usua by taking 70 mg of the starting dioxime oxalate 81, 2 mol equiv of MAP and dissolving
them in tert-butylbenzene (3.5 cm®). The solution was stirred until homogeneous and this
allowed the preparation of seven identical samples, each of 500 uL. Once the samples were
degassed, they were photolysed with light from 500 W UV lamp and ESR spectra were
recorded at several temperatures. Table 7 shows the kinetic ESR data obtained for dioxime
oxalate 81.

T/ K [83] [82] L ogk /2K 10°/T L og 2k, ke/st
270 1,18E-08 | 5,41E-08 -7,84 3,68 1,54 35,0
275 1,61E-08 | 5,73E-08 -7,68 3,61 1,75 56,6
280 1,11E-08 | 2,21E-08 -7,78 3,55 1,71 51,2
282 1,35E-08 | 2,85E-08 -7,70 3,52 1,80 63,5
285 1,50E-08 | 2,55E-08 -7,62 3,48 1,90 80,0
290 1,57E-08 | 2,46E-08 -7,59 3,42 1,98 95,6
295 1,31E-08 | 1,54E-08 -7,61 3,37 1,99 98,5
297 1,74E-08 | 1,85E-08 7,47 3,34 2,15 141,9
300 1,85E-08 | 2,13E-08 -7,46 3,31 2,18 152,0
302 1,75E-08 | 1,76E-08 -7,46 3,29 2,20 157,9
305 1,38E-08 | 1,36E-08 -7,55 3,25 2,12 132,6
310 1,64E-08 | 1,18E-08 7,41 3,20 2,30 200,8

Table 7. Kinetic ESR datafor 81 (70 mg), in t-BuPh (3.5 mL) with 2 eq MAP.
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By plotting the calculated values of log k. against 10*/T, and implementing a line of
best fit, it was possible to obtain the activation energy (E.) and the pre-exponential factor (Ac)
for 81 (Figure 17 and Table 8).

2,60 LogKkcvs 10e3/T
. y=-1.56x+7314"
R==0.9129
2,20 " n
m .~I -
1,80 L. .
.
1,40 .
1,00
3,15 3,35 3,55 3,75
Figure 17. Plot of log K. against 10%T.
Radical kds® (300K) Log Ad/s™ E./ kcal mol™
82— 83 1.6 E+02 10.0 10.71

Table8
The rate constant for the cyclisation of iminyl radical 82 was found to be one order
smaller than that of iminyl radical 61. It was therefore clear, that the simple presence of a

methyl group in the 4-position hinders the 5-exo approach. (Table 9).

Radical Cyclised Radical k, (s
Ph.__N" Ph
32 83
(/& < 5x 103
85 86
L U e
85 87

Table 9. Rate constants of cyclisation for iminyl and carbon-centered radicals at 300 K.
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The kinetic data for the related carbon centred radical 84%* shows the influence of the
methyl on the rate constant being two orders of magnitude smaller than related 71.
Interestingly, 6-endo cyclisation in 84 is dlightly faster than the 5-exo one, in contrast to the
iminyl radical 82 which undergoes preferably 5-exo mode ring closure to give the primary
radical 83, according with ESR study

2.4 Prepar ative scale photolysis study.

The successful detection by ESR spectroscopy of iminyl radicals and carbon-centred
radicals resulting from 5-exo cyclisation, led us to investigate the application of the dioxime
oxalate route to iminyl radical cyclisation as a synthetic method for dihydropyrrole
derivatives and other aza-heterocycles.

2.4.1 Iminyl radical addition onto alkenes. Syntheses of dihydropyrroles.

As has been described earlier, when dioxime oxaate 46 was UV irradiated in the
presence of photosesitizer MAP the weak N-O bond of the dioxime oxalate should break first
yielding iminyl radical 61 and acyloxyl radicals. Rapid dissociation of the latter would
release a second iminyl radical along with two CO, molecules. The iminyl radical 61 could
then undergo ring closure in the favoured 5-exo-trig mode to afford dihydropyrrolomethyl
radicals 63 that abstracted an H-atom from the solvent with production of the 3,4-dihydro-
2H-pyrrole 88. Alternatively, iminyl 61 could directly abstract an H-atom from solvent with
production of imine 89. The latter may hydrolyze to the corresponding ketone (Scheme 21).

é % MAP, H donor MeO

-2CO,

88
T H abstr.
NH .

_ N i

H abstr. W 5-exo

-— P ———
MeO
€ MeO MeO
89 61 63

Scheme 21
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To find the optimum conditions, dioxime oxalate 46 was reacted under various
reaction conditions and the product yields monitored by NMR. The dioxime oxaate was
dissolved in various solvents (25 mL) along with MAP and the solutions were photolyzed in
quartz tubes with light from a400 W medium pressure Hg lamp (Table 10).

Run solvent T (°C) time (h) Yields 88 Yields 89
1 Toluene rt 4 60 17
2 Toluene rt 6 63 12
3 Toluene 50 4 27 10
4 Isopropanol rt 6 11 78
5  Cyclo-1,4-hexadiene rt 6 15 63
6 Cyclohexane rt 6 45 17

Table 10. Optimization of dihydropyrrole yield from sensitized photolyses of 46. Yields in mol % determined by
"HNMR with CH,Br as internal standar.

The results indicated that isopropanol and cyclohexa-1,4-diene were too efficient as
H-atom donors, such that cyclisation could not compete with reduction of the iminyl radical
to imine. Toluene and cyclohexane were both satisfactory in this respect. The poor yield in
the experiment carried out in toluene at 50 °C suggested the dioxime oxalate degraded too
rapidly at this temperature and starting oxime was the main product present in the reaction

mixture. The best combination was UV irradiation of dioxime oxaate 46 for 4 hours in
toluene at rt with 2 equiv of MAP.

To test the efficiency of this process for preparative purposes a set of dioxime oxalates
was prepared in three step syntheses as described earlier. Alkylation of several substituted
acetophenones with alkyl bromides gave a set of y,6-unsaturated ketones in good yields.

Reaction with hydroxylamine hydrochloride afforded unsaturated oximes (Scheme 22).

RZ 0 R2 N 3 OH

R? R3 |
)Qy/ KH.EGB NH,OHHCI
R* R’ R4 NaOA R® R® R4
R! aOAc R! R
R*
a H MeO H H a 44,72 % a 45,67 %
b H H Me H b 90; 68 % b 75;59 %
¢ H H H Me ¢ 91;70 % ¢ 93;64 %
d MeO MeO H H d 92;77% d 94;71%
Scheme 22
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Two equivaents of the unsaturated oximes in diethyl ether were reacted with oxalyl
chloride in Et;O at -40 °C and the mixtures were stirred for 3 hours before allowing them to
warm up to room temperature. Dioxime oxalates were unstable purple oils which were used
without further purification. The optimum conditions developed in the photolysis of 46 were
applied to reactions of the rest of the set (Scheme 23).

Rl
R? -
OH
R2 N 4 — 4 R2 N
1 R3 N\ (6] R |
(coch), R3 OJS/* R3 hv
. RPR® R*  E,0,-40-1t R4 d \= R®  MAP,tBuPh " R3 R
2
R

R
R! R2 RS R4 1
a 45 H MeO H H a 46; quant. a 88 61%
b 75 H H Me H b 76; quant. b 96:47%"
c 93 H H H Me ¢ 81 quant. c 97;38%"
d 94 MeO MeO H H d 95; quant. d 98 67%
Scheme 23

Dihydropyrrole 88 and 98 were isolated in a 61 % and 67 % respectively. The NMR
spectrum of the crude reaction mixtures showed in both cases the presence of a vinyl group
probably due to early hydrogen abstraction from the corresponding iminyl radical. More
important was the presence of the imine derivative when dioxime oxalate 76 was UV
irradiated in the optimal conditions. The NMR yield" of 96, 47 %, was lower than 88 and 98
in agreement with the rate constant calculated previously for this 5-exo cyclisation, no
support was found from gem-dimethyl enhancement of aryliminyl cyclisation. Hydrogen-
atom abstraction from the solvent worked much more efficiently. Disappointingly, none of
the desired dihydropyrrole 96 could be isolated.

The lower NMR vyield" for the dihydropyrrole 97 after photolysis of the dioxime
oxalate 81 in the optimal conditions, was aso in agreement with the kinetic data for the 4-
methyl-1-phenylpent-4-en-1 iminyl radical. The NMR spectrum of the total reaction mixture
showed a complex mixture of compounds, including the unsaturated imine/ketone as the
main product. It was clear for this result that ring closure was not fast enough to compete
with the reduction of the iminyl radical to imine by hydrogen-atom abstraction from solvent.
It was also possible that 6-endo cyclisation could have taken place together with 5-exo ring

closure and iminyl reduction. None of the desired dihydropyrrole 97 was isol ated.
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2.4.2 Potential synthesis of pyrrolizidines and indolizidines.

It was a possibility to make use of this methodology in the synthesis of
dihydropyrroles of type 104 and 105 (Scheme 26). These dihydropyrroles were interesting

because they can serve as precursors for biologically active pyrrolizidines and indolizidines.

The keto-esters 49 and 101 needed for the making suitable dioxime oxalate precursors
were prepared by allylation of 2-methylcycloalkane-1,3-diones 47 and 99. The allylated
cycloalkanones 48 and 100 were ring opened and esterified yielding 49 and 98 in 67 % and
60 % respectively, which were converted to the corresponding oximes 50 and 102 in the
standard way in a 70 % and 73 % yield (Scheme 24).

o) HO. |
Br 1INaOH W NH,OHHCI W
05 T NeoH N 2 MeoH, 2 MeoH, H* NaOAc, EtOH n

e}

n=1; 47 n=1; 48, 78 % n=1; 49: 67% n=1; 50; 70%

n=2: 99 n=2; 100: 73% n=2 101 60% n=2; 102: 73%
Scheme 24

Knowing from ESR spectroscopy that iminyl radical generation was much less
efficient in the symmetrical dioxime oxaate containing no aryl groups, it was decided to
prepare unsymmetrical dioxime oxalates, with one half containing an aromatic oxime. ESR
spectroscopy proved that these unsymmetrical dioxime oxalates were efficient iminyl radical
precursors under photolytic conditions. Therefore, dioxime oxaates 60 and 103 were
prepared by reaction of one equivalent of the benzophenone oxime 54 with oxalyl chloride
affording 57 in 96 % yield. Reaction with a second equivalent of the oxime ester 50 and 102
gave the dioxime oxalates 60 and 103 as moisture-sensitive purple oils (Scheme 25).

\
n=1; 50 O (0]
O N=
(COCl), _(cocn, n=2; 102 —N’ Agio’ )n
0“ Et,0, -40- 1t <§/~Cl Et,0 O 0 OMe
(0]

54; 71 % 57; 96 % n=1; 60; quant.
n=2; 103; quant.

Scheme 25
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Due to the instability of these dioxime oxalates, radical precursors 60 and 103 were
photolysed without further purification. The radical precursors were dissolved in 25 mL of
toluene and they were photolyzed for 4 hour in the presence of two equivalents of
photosensitizer MAP. The NMR spectra of the crude reaction mixtures showed the presence
of dihydropyrroles 104 and 105 as mixtures of diastereoisomers (1:1). After purification by
column chromatography dihydropyrroles 104 and 105 were isolated in 61 % and 58 % yield
(Scheme 26).

) .
O N= v MeO,C | LiAIH _LiAl, CBr4 PPh;
=N o O
1) MAP Toluene Et2o Et3N, DCM n

n=1; 60 n=1; 104; 61 % n=1; 106 n=1; 108
n=2; 103 n=2; 105; 58 % n=2; 107 n=2; 109
Scheme 26

We investigated methods for converting ester-containing dihydropyrroles 104 and 105
into a pyrrolizidine 108 and indolizidine 109 derivatives by means of an intramolecular
nucleophilic substitution. Complete reduction of the imine and ester were therefore carried
out with LiAlH4 giving pyrrolidines 106 and 107 as mixtures of stereoisomers. An Appel type
method, which has worked for other pyrrolizidine and indolizidine derivates, was tried.
However when the amines were treated with PPhz, CCl, and EtsN in DCM only intractable

mixtures were obtained.
2.4.3 Iminyl radical addition onto alkynes.

The potential addition of an iminyl radical onto an alkyne group was also studied.
Photolytic dissociation of dioxime oxalate 110 was studied by ESR spectroscopy. The
samples were prepared in tert-butylbenzene in the standard way and photolysed with light
from 500W UV lamp in the presence of two equivaents of MAP. In this case, two different
radicals were expected to be detected by ESR spectroscopy, the aryl iminyl radica 67,
corresponding to the aromatic part of the dioxime oxalates 110 and the y,5-unsaturated iminyl
radical 111. Vinyl radical 112 may be formed by 5-exo cyclisation but, being an extremely
reactive intermediate, and it was not expected to be detected by ESR (Scheme 27).

214



Dioxime Oxalates as Iminyl Radical Precursors. A Preparative and ESR Sudy. | Chapter 4
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Scheme 27

Figure 18 shows the spectrum obtained on photolysis of the dioxime oxalate 110 in
the presence of MAP at 220 K. Two different radicals are observed. The triplets marked (1) at
either extreme of the spectrum are due to aryl iminyl radical 67 characterised by g = 2.0033,
a(H) =81.2, a(N) =10.16 G. A second radical is observable in the spectrum (Im), having the
same g = 2.0033 as the radical 67 and the same splitting of a(N) = 10.16 G. This suggests that
the second radical is the y,6-unsaturated iminyl radical 111. On the other hand, the vinyl
radical 112 does not appear in the EPR spectrum dueto its great reactivity.
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Figure 18. 9.4 GHz ESR spectrum obtained on photolysis of the solution of 110 and MAP in tert-
butylbenzene at 220 K, I; benzyl radical, IM; unsaturated iminyl radical 111.
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Figure 19. Simulation of the aryl iminyl radical 67 and v,3 unsaturated iminyl radical 111. 215
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Dioxime oxaate 110 was prepared by a pathway analogous to the one described
above. In this case cyclodiketone 47 was reacted with propargyl bromide instead of allyl
bromide. Ring opening and esterification was followed by condensation of the keto-ester 114
with hydroxylamine hydrochloride affording the oxime intermediate 115. Reaction of 115
with 2-(2,4-dimethoxybenzylideneaminooxy)-2-oxoacetyl chloride 56 gave a mixture of
stereoisomers of dioxime oxalate 110 as a moisture-sensitive purple oil. A solution of 110 in
toluene (400 mL) and in the presence of 2 equi. of MAP was UV photolysed for 4 hours,
giving a complex mixture of products. The NMR spectrum of the total reaction mixture
showed neither dihydropyrrole 116, nor pyrrole 117 from a possible aromatic
rearrangement (Scheme 28). Instead the reduced imine and its hydrolysed ketone were

present in the mixture.

HO.
NH,OHHCI |

/ —>l NaOH W/\)H/\ 2 Meom

T NaoH 2 MeOH, H* S NaOAG, BOH 5 A

63 % 78 % 67 %
114 115
N =
MeO hv MeO,C MeOZC\H)N%\g
EtZO @7 OMe MAP, Toluene
117
Scheme 28

2.4.4 Iminyl radical addition onto phenyl rings. Synthesis of phenanthridines.

Judging by literature precedent,® iminyl radicals can aso ring close onto aromatic
acceptors, in appropriate circumstances. To broaden the scope of our methodology we
prepared dioxime oxaate 120 as outlined in Scheme 29. Condensation of 1-(biphenyl-2-
yl)ethanone 118 with hydroxylamine HCI in standard conditions gave the oxime 119 in good
yield. This oxime was reacted with oxalyl chloride to give the symmetrical dioxime oxalate
120 as awhite powder.
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O NH,OHHC! (COCl),
O NaOAc, EtOH Et,0
118
Scheme 29

Photolytic dissociation of dioxime 120 was studied by ESR spectroscopy. The
samples were prepared in tert-butylbenzene in the standard way and photolysed with light
from 500W UV lamp in the presence of two equivalents of MAP. In this case, it was
expected that the iminyl radicals released on photolysis 121 would undergo 6-endo
cyclisation onto the phenyl acceptor because this would yield the resonance stabilized
cyclohexadienyl type radical 122 (Scheme 30).

121 122

Scheme 30

Figure 20 shows the spectrum obtained on photolysis of the dioxime oxalate 120 in
the presence of MAP a 240 K. The triplet marked (1) is due to iminyl radica 121
characterised by g = 2.0033, a(N) = 10.14 G. None of the cyclohexadienyl radical was
detected.

*10" I
60 ]
40 A
20
0 -
-20 7

40

-60

3350 3375 3400 3425 e

Figure 20. 9.4 GHz ESR spectrum obtained on photolysis of the solution of 120 and MAP in
tert-butylbenzene at 245 K, |; iminyl radical 121.
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To prove the efficiency of this methodology in the synthesis of phenanthridines,

photolysis of dioxime oxalate 123 was chosen as amodel to find the best reaction conditions.

o hv
_N.. )J\WO\ P - O
0 I N MAP, /BuPh _N

CO,
123

124

Scheme 31

The radical precursor was photolyzed at rt in several different solvents and under
various conditions as shown in Table 11.

Run solvent MAP time (h) Yields 124
1 CH;CN None 2 42
2 CH;CN None 4 66
3 CH;CN 2 2 76
4 CH;CN 2 4 71
5 t-BuPh 2 2 69
6 t-BuOH 2 2 34

Table 11. Optimization of phenantridine 124 yield from sensitized photolyses of 123.
Yields in mol % determined by 'H NMR with CH,Br as internal standar.

Heterocycle formation proceeded satisfactorily in the absence of photosensitizer
(entries 1 and 2) but a better yield was obtained by inclusion of 2 equiv. of MAP (entry 3).
Comparison of entries 3 and 4 indicated that 2 h irradiation was more efficient than 4 h
irradiation. Entry 6 shows that tert-butanol was not satisfactory as a solvent probably due to
the poor solubility of the starting dioxime oxaate. Although a good yield was obtained in t-

BuPh (entry 5), acetonitrile was more convenient to use, so the conditions of entry 3 were
adopted as standard.

Photolytic dissociation of the N-O bond afforded iminyl radical 126 which underwent
homolytic aromatic substitution onto the phenyl ring giving cyclohexadienyl radical 127. The
latter is too thermodynamically stabilized to abstract H-atoms from the solvent, and so it
should re-aromatize and afford phenanthridine 124. The mechanism of the final oxidation

may involve electron transfer from the cyclohexadienyl radica 127 to MAP yielding the
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corresponding delocalized cation 128, together with MAP ™ *129 radical anion. Proton transfer
from 128to0 MAP* would then yield the phenanthridine 124 together with MAPH , which

would pick up hydrogen in solution to give 1-(4-methoxyphenyl)ethanol 125. This alcohol
was detected by NMR and MSin severa reactions (Scheme 32).

MAP, rBuPh ‘V’N Q)\

-CO

124 125

Scheme 32

The best reaction conditions were applied in the synthesis of substituted

phenanthridines in a four-step synthesis from the aromatic carbonyl compounds 130-133
(Scheme 33).

R Br PhB(OH),
Pd(PPh3)4 NH20HHCI
_—
R 1 N32C03 NaOAc EtOH g OH
PhMe, EtOH R
R' R R
aaH H H 130 a; 134 63 % a; 137 74 %
by Me H H 131 b; 118 61% b; 119 66 %
¢Ph H H 132 ¢ 135 56 % c; 138 56 %
d; H -OCH,0- 133 d; 136 61 % d; 139 68 %

\I

(COCl), N hy R O
—_—
N
ErO MAP, BuPh R ¢
R R
a; 123 quant. a; 124 67 %
b; 120 quant. b; 142 73 %
c; 140 quant. [H 143 59 %
d; 141 quant. d; 144 59 %

Scheme 33
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The biphenyl derivatives 118, 134-136 were obtained in good yields by Suzuki
coupling with phenyl boronic acid. The oximes were obtained by the standard method and
converted to symmetrical dioxime oxalates 120, 123, 140 and 141 essentially quantitatively.
Photolytic irradiation of these precursor for 2 hoursin CH3CN with 2 equiv. of MAP gave the
substituted phenanthridines.

Photolysis of 123 afforded phenathridine 124 in 67 % yield. The reaction was tolerant
of Me and Ph substituents on the iminyl radical giving 6-substituted phenanthridines 142 in
73 % yield and 143 in a significantly lower 59 % yield. The poor solubility of the dioxime
oxalate 140 in the different solvents may be the reason of this poorer yield. In asimilar vein,
the plant alkaloid trisphaeridine 144 was prepared in four steps from commercial 6-
bromopiperonal. A 59 % vyield of 144 was obtained from UV irradiation of 141 in

acetonitrile.
3.0 Conclusons.

It was demonstrated that dioxime oxalates can be used as clean efficient precursors for
iminyl radicals. Homolytic cleavage of the N-O oxime bond occurs on photolysis, releasing

two molecules of CO,and two iminyl radicals.

A versatile, efficient route to dioxime oxalates was developed and was found to work
well for symmetric and unsymmetric varieties. These compounds are moisture-sensitive and

hydrolyzed steadily to oximes during several attempts at purification by different methods.

ESR spectroscopy was used to demonstrate that dioxime oxalates dissociate on
photolysis to give iminyl radicals in the presence of photosensitizer MAP. It was shown that
symmetrical dioxime oxaates containing aryl groups released iminyl radicals very
efficiently. On the other hand, when symmetrical dioxime oxalates containing no aryl rings
were studied by ESR spectroscopy, no iminyl radicals were detected. To overcome this
problem, unsymmetrical dioxime oxalates with one half containing an aromatic oxime were
examined and proved to be efficient precursors of iminyl radicals.

Although iminoxyl radicals were detected in some cases the overal pattern of results
indicates these are formed by H-abstraction from traces of oximes remaining in the dioxime

oxalates.
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In the study of suitable dioxime oxalates with an alkene side-chain, it was also
possible to detect dihydropyrrolomethyl radicals. It was confirmed therefore, that 5-exo
cyclisation was preferred over 6-endo cyclisation in accord with expectation.

By measuring the radical concentrations at a range of temperatures it was possible to
determine the rate of the 5-exo iminyl radical cyclisation onto various akenes with severd
substituents. The rates for ring closure were fast enough for preparative work and a number

of attempts were made to prepare and isolate the cyclised product.

Photolysis of dioxime oxalates containing alkenyl groups yielded iminyl radicals that
ring closed to 3,4-dihydro-2H-pyrroles in toluene solutions. Severa of these dihydropyrroles
were prepared in useful yields. The mgjor products in all cases were the dihydropyrroles and
the imine from reduction of the iminyl radical by hydrogen-atom abstraction from the
solvent. The later was especially important when the cyclisation was slower, in agreement
with the kinetic data obtained by ESR spectroscopy. Dihydropyrroles 91 and 92 were
interesting because they could serve as precursors for biologically active pyrrolizidines and
indolizides. Disappointingly, reduction with LiAlH, and intramolecular nucleophilic
substitution under Appel reaction conditions gave an intractable mixture of product and none
of the desired products could be isolated.

It was also found that addition onto an alkyne group was not fast enough to compete

with reduction of the iminyl radical to imine.

Photolysis of symmetrical dioxime oxalates containing phenyl rings as the radical
acceptors were also studied by ESR. The reaction was carried out on a preparative scale in
the presence of MAP and a non hydrogen donor solvent. It was shown that iminyl radicals
also ring closed onto the phenyl groups. In these conditions the intermediate cyclohexadienyl
type radicals aromatized. This oxidation process may involve electron transfer from the
cyclohexadienyl radical to the MAP. This approach provides a useful and atom efficient
method of making phenanthridines. Natural product Trisphaeridine 144 was aso prepared
following this methodol ogy.
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4.0 Experimental
1-(4-M ethoxyphenyl)pent-4-en-1-one 44.%

A solution of 1-(4-methoxyphenyl)ethanone (2 g, 13 mmol) in dry THF (5 mL) was added
dropwise over 10 min to a suspension of potassium hydride (0.54 g, 13 mmol) in dry THF
(25 mL) at 0°C under N,. The yellow suspension was stirred at 23°C for 30 min and BEt; 1M
solution in THF (13 mL, 13 mmol) was added dropwise at 15°C over 15 min. After stirring
the solution at 23 °C for 15 min, alyl bromide (1.99 g, 19.5 mmol) was added dropwise over
10 min and the resulting suspension was stirred for 4 h at 23 °C and quenched with 1:1
mixture of 30% NaOH and 30% H,O, (15 mL) at 0 °C over 15 min. The reaction mixture
was then diluted with H,O (20 mL), the layers were separated and the organic layer diluted
with Et;O (75 mL) and washed with water (2 x 30 mL). The combined water layers were
extracted with DCM (2 x 30 mL) and the combined organic layers were dried over NaxSO,
and the solvent was removed under reduced pressure. The isolated product was purified by
column chromatography (AcOEt/hexane 5%) to afford 1-(4-methoxyphenyl)pent-4-en-1-one
as a colourless oil 1.78 g, 72 %. *H NMR (400 MHz, CDCls), d; 3.38 (2H, q, J = 7.7 Hz,
CH,), 2.91 (2H, t, J = 7.3 Hz, CH,), 3.76 (3H, s, CHs), 4.92 (2H, m, CH,), 5.79 (1H, m, CH),
6.82 (2H, d, J = 9.8 Hz, CH), 7.85 (2H, d, J = 9.8 Hz, CH); *C NMR éc; 28.7, 37.7 (CHy),
55.7 (CH3), 114.0 (CHx2), 115.4 (CH,), 130.0 (C), 130.4 (CH)x2, 137.6 (CH), 163.5, 198.2
(C); IR 3058, 1667, 1593 cm™.

1-(4-M ethoxyphenyl)pent-4-en-1-one oxime 45.

A suspension of 1-(4-methoxyphenyl)pent-4-en-1-one (2g, 10.4 mmol), hydroxylamine
hydrochloride (1.46 g, 20 mmol) and sodium acetate (1.64 g, 20 mmol) in EtOH (40 mL) was
heated under reflux for 4 h. The reaction was monitored by TLC (EtOAc/hexane 1:2) and on
completion the mixture was poured into water (30 mL) and extracted with DCM (3 x 15 mL).
The organic layer was dried over MgSO, and concentrated under reduced pressure. The
residue was purified by flash column chromatography (EtOAc/hexane 10%) to afford the
desired product as awhite solid 1.42 g, 67 %; mp 57-59 °C. *H NMR (400 MHz, CDCls), 6x;
2.22 (2H, g, J=8.0 Hz, CHy), 2.78 (2H, t, J = 8.0 Hz, CH,), 3.67 (3H, s, CH3), 4.92 (2H, m,
CHy), 5.75 (1H, m, CH), 6.79 (2H, d, J = 9.8 Hz, CH), 7.43 (2H, d, J = 9.8 Hz, CH), 9.94
(1H, s, OH); *C NMR ¢; 25.8, 30.4 (CHy), 55.3 (CHa3), 114.2 (CHx2), 115.0 (CH,), 127.6
(CHx2), 128.0 (C), 137.7 (CH), 158.6, 160.8 (C); IR 3267, 3078, 3015, 2937, 1644, 931 cm™,
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1-(4-M ethoxyphenyl)pent-4-en-1-one dioxime oxal ate 46.

A solution of 1-(4-methoxyphenyl)pent-4-en-1-one oxime (1g, 4.87 mmol) in Et,O (20 mL)
was added dropwise to a stirred solution of oxalyl chloride (309 mg, 2.43 mmoal) in dry Et,O
(10 mL) at -40°C. After stirring for 1 hour at -20°C the suspension was warmed up to room
temperature and stirred for another two hours. After reaction completion, the solvent was
evaporated under reduced pressure to give a purple oil, in a quantitative yield. *H NMR (400
MHz, CDCl3), 6y; 2.23 (4H, m, CH,), 2.88 (4H, m, CH,), 3.74 (6H, s, CHs), 4.94 (4H, m,
CH,), 5.68 (2H, m, CH), 6.82 (4H, d, J = 8.6 Hz, CH), 7.55 (4H, d, J = 8.6 Hz, CH); *C
NMR odc; 27.5, 30.9 (CHy), 55.5 (CHs3), 114.2 (CHx2), 116.2 (CH,), 125.0 (C), 129.1
(CHx2), 136.2 (CH), 160.9 (C), 162.2 (C), 166.5 (C); IR 3077, 3003, 2934, 1768, 1723,
1663, 917 cm™.

2-Allyl-2-methylcyclopentane-1,3-dione 48.2

Allyl bromide (3 g, 26 mmol), and BusNI (50 mg, 0.13 mmol) was added to a solution of 2-
methyl-1,3-cyclopentanedione (1.45 g, 13 mmol) in 1M agueous NaOH (13 mL, 13 mmoal).
The mixture was stirred vigorously at 50 °C for 24 h. The organic layer was separated and the
aqueous layer was extracted with DCM (3 x 20 mL). The combined organic layer was
washed with brine, dried over MgSO, and evaporated. Vacuum digtillation of the crude
material gave the title compound as a colourless oil 1.54 g, 78 %. ‘H NMR (400 MHz,
CDCl3), dn; 0.95 (3H, s, CH3), 2.19 (2H, d, J = 7.5 Hz, CHy), 2.47-2.70 (4H, m, CH,), 4.91
(2H, m, CH,), 5.44 (1H, m, CH); *C NMR dc; 18.6 (CHs3), 35.3 (CH2x2), 40.0 (CH,), 56.6
(C), 119.7 (CH,), 131.5 (CH), 216.2 (Cx2) ; IR 3079, 2979, 1764, 1725, 1641cm™.

M ethyl 5-methyl-4-oxooct-7-enoate 49.

2-Allyl-2-methyl cyclopentane-1,3-dione (2 g, 13.1 mmol) was added to a stirred solution of
NaOH (1.1 g, 26.2 mmol) in H,O (25 mL) and stirred at room temperature overnight. The
reaction mixture was washed with Et,O (3 x 20 mL), acidified with 5M H,SO,, and extracted
with Et;O (4 x 20 ml). The combined extracts of the acidified reaction mixture were dried
over MgSO, and concentrated under reduced pressure. The residue was dissolved in MeOH
(50 mL) in the presence of cataytic amount of H,SO, (0.5 mL) and stirred at reflux
temperature for 4 h. The solution was added to H,O (40 mL) and stirred for 10 min. The
mixture was extracted with DCM (3 x 20 mL). The combined extracts were washed with
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H,0 (3 x 20 mL ), saturated aqueous NaHCOj3 (3 x 30 mL) and H,O (3 x 20 mL), dried over
MgSO, and concentrated under reduced pressure. Didtillation of the residue on a Kugelrohr
(124°C, 0.10 mmHg) afforded the desired product as a yellow oil 1.63, g 67 %. 'H NMR
(400 MHz, CDCl3), dn; 1.12 (3H, d, J = 7.03 Hz, CH3), 2.12 (1H, m , CHy), 2.41 (1H, m,
CHy), 2.54-2.85 (5H, m, CH, CH,), 3.69 (3H, s, CH3), 5.05 (2H, m, CHy), 5.73 (1H, m, CH);
13C NMR d¢; 16.0 (CHs), 27.8, 35.8, 37.2 (CH,), 45.8 (CH), 51.8 (CH3), 116.8 (CH,), 135.8
(CH), 173.2, 212.1 (C); IR 2972, 1739, 1711, 1437 cm™.

Methyl 4-(hydroxyimino)-5-methyloct-7-enoate 50.

Sodium acetate (0.89 g, 10.9 mmol) was added to a stirred solution of methyl 5-methyl-4-
oxooct-7-enoate (1 g, 5.4 mmol) in ethanol (20 mL) and hydroxylamine hydrochloride (0.65
g, 10.9 mmol). The mixture was stirred for 5 h at reflux temperature. The solution was poured
into H,O (25 mL) and extracted with DCM (3 x 15 mL). The combined extracts were dried
over MgSO,. The solvent was evaporated to dryness to give the crude oxime as a light yellow
oil which was distilled on a Kugelrohr (188°C, 0.10 mmHg) to give the product as a
colourless ail 0.76 g, 70 %. *H NMR (400 MHz, CDCls), dn; 1.07/1.09 (3H, d, J = 7.0 Hz,
CHj3), 2.13 (1H, m, CHy), 2.31 (1H, m, CHy), 2.41-2.69 (5H, m, CH, CHy), 3.68/3.69 (3H, s,
CHs), 5.02 (2H, m, CHy), 5.71 (1H, m, CH); *C NMR d¢; 16.7/17.8 (CHs), 22.8/25.2,
30.2/30.3 (CHy), 31.5/39.5 (CH), 37.8/38.,5 (CH,), 52.1/52.1 (CHgs), 116.7/117.1 (CH)),
136.3/136.5 (CH), 162.5/163.1, 173.8/174.0 (C); IR 3445, 2994, 2968, 1740, 1641, 1498, 924

cm™.

M ethyl 5-methyl-4-oxooct-7-enoate dioxime oxalate 51.

A solution of methyl 4-(hydroxyimino)-5-methyloct-7-enoate (1 g, 4.97 mmoal) in Et,O (20
mL) was added dropwise to a stirred solution of oxalyl chloride (315 mg, 2.48 mmol) in dry
Et,O (10 mL) at -40°C. After stirring for 1 h at -20°C the suspension was warmed up to room
temperature and stirred for another two h. After reaction completion, the solvent was
evaporated under reduced pressure to give a pink oil, in a quantitative yield. *H NMR (400
MHz, CDCl3), oy; 1.08/1.12 (6H, m, CH3), 2.08-3.40 (14H, m, CH, CH,), 3.63/3.65 (6H, s,
CHs), 5.01 (4H, m, CH,), 5.66 (2H, m, CH); *C NMR &¢; 13.9/14.1 (CHs), 16.6/17.3,
23.7/25.7 (CH,), 29.1/30.2 (CH), 37.6/37.9 (CH,), 52.1/52.2 (CH3), 117.6 (CH,), 134.7/135.0
(CH), 162.7/163.1, 172.4/172.8, 173.3/174.4 (C); IR 3079, 2978, 2965, 1781, 1734, 1641,
916 cm™.
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Benzaldehyde oxime 52.%2

From benzaldehyde (2 g, 18.9 mmol) as described for 45. White solid 1.71 g, 75 % yield; mp
34-36 °C [lit. 35 °C].>* 'H NMR (400 MHz, CDCls), dy; 7.38 (3H, m, CH), 7.57 (2H, m,
CH), 8.18 (1H, s, CH), 8.90 (1H, s, OH); *C NMR d¢; 127.5 (CHx2), 129.3 (CHx2), 130.6
(CH), 132.3(C), 150.8 (CH); IR 3313, 1694, 952 cm™.

2,5-Dimethoxybenzaldehyde oxime 53.%

From 2,4-dimethoxybenzaldehyde (2 g, 12.8 mmol) as described for 45. White solid 1.62 g,
70 %; mp 104-105°C [lit. 103-105 °C].*® *H NMR (400 MHz, CDCls), dy; 3.81 (3H, s, CHa),
3.83 (3H, s, CHa3), 6.47 (2H, m, CH), 7.53 (1H, d, J = 8.7 Hz, CH), 8.36 (1H, s, CH); *3C
NMR d¢; 55.8, 55.9 (CHa3), 99.0, 105.7 (CH), 114.1 (C), 129.4, 147.0 (CH), 159.3, 162.7 (C);
IR 3320, 1695, 956 cm'™.

Benzophenone oxime 54.%°

From benzophenone (2 g, 10.1 mmol) as described for 45. White solid, 1.41 g, 71 %; mp
143-145 °C [lit. 143-145 °C].” 'H NMR (400 MHz, CDCl3), dy; 7.19-7.57 (10H, m, CH),
9.33 (1H, s, OH); °C NMR d¢; 128.3 (CHx2), 128.6 (CHx2), 128.7 (CHx2), 129.6 (CH),
129.7 (CHx2), 129.9 (CH), 133.2, 136.5, 158.4 (C); IR 3235, 2923, 1456, 919 cm'™.

2-(Benzylideneaminooxy)-2-oxoacety! chloride 55.

A solution of benzaldehyde oxime (1 g, 8.3 mmol) in Et,O (15 mL) was added dropwise to a
stirred solution of oxalyl chloride (1.05 g, 8.3 mmoal) in dry Et,O (10 mL) at -40°C. After
stirring for 1 h at -20°C, the solvent was evaporated to leave a colourless, temperature
sensitive, white powder 1.71 g, 98 %. *H NMR (400 MHz, CDCls), éy; 7.37-7.51 (3H, m,
CH), 7.67 (2H, m, CH), 8.45 (1H, s, CH); *C NMR Jc; 129.4 (C), 129.6 (CHx2), 132.6
(CHx2), 133.2 (CH), 159.6 (CH), 172.1, 173.0 (C); IR 2921, 1792, 1767, 1609, 974 cm’™.

2-(2,4-Dimethoxybenzylideneaminooxy)-2-oxoacety! chloride 56.

A solution of 2,5-dimethoxybenzal dehyde oxime (1 g, 5.5 mmol) in Et,O (15 mL) was added
dropwise to a stirred solution of oxalyl chloride (0.70 g, 5.5 mmol) in dry Et,O (10 mL) at -
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40°C. After stirring for 1 h at -20°C, the solvent was evaporated to leave a colourless,
temperature sensitive, white powder 1.38 g, 93 %. *H NMR (400 MHz, CDCl5), 6x; 3.86 (6H,
s, CHg), 6.45 (1H, d, J = 2.3 Hz, CH), 6.54 (1H, dd, J = 8.7, 2.3 Hz, CH), 7.86 (1H, d, J= 8.7
Hz, CH), 8.83 (1H, s, CH); *C NMR d¢; 56.0 (CHsx2), 98.5, 106.6 (CH), 109.8 (C), 129.3,
155.4 (CH), 161.0, 165.4, 172.1, 172.3 (C); IR 2926, 1791, 1760, 1604, 974 cm™.

2-(Diphenylmethylleneaminooxy)-2-oxoacetyl chloride 57.

A solution of benzophenone oxime (1 g, 5.0 mmol) in Et,O (15 mL) was added dropwiseto a
stirred solution of oxalyl chloride (0.64 g, 5.0 mmoal) in dry Et;O (10 mL) at -40°C. After
stirring for 1 h at -20°C, the solvent was evaporated to leave a colourless, temperature
sensitive, white powder 1.37 g, 96 %. *H NMR (400 MHz, CDCls), dy; 7.23-7.60 (10H, m,
CH); *C NMR d¢; 128.8 (CHx2), 129.1 (CHx2), 129.4 (CHx2), 129.8 (CHx2), 131.0 (CH),
131.4 (C), 132.3 (CH), 133.8 (C), 155.1 (C), 168.6 (Cx2); IR 2928, 1766, 1763, 1606, 950

cm™.

Methyl 4,5-dioxo-8-(pent-4-en-2-yl)-1-phenyl-3,6-dioxa-2,7-diazaundeca-1,7-dien-11-
oate 58.

A solution of methyl 4-(hydroxyimino)-5-methyloct-7-enoate (1 g, 4.9 mmol) in Et;O (20
mL) was added dropwise to a stirred solution of 2-(benzylideneaminooxy)-2-oxoacetyl
chloride (1.03 g, 4.9 mmoal) in dry Et,O (20 mL) at -40°C. After stirring for 1 h at -20°C the
suspension was warmed up to room temperature and stirred for another two hours. After
reaction completion, the solvent was evaporated under reduced pressure to give a pink ail, in
a quantitative yield, as a mixture of isomers. *H NMR (400 MHz, CDCl3), dn; 1.07 (3H, m,
CH3), 2.06-2.81 (6H, m, CH,), 3.42 (1H, m, CH), 3.76 (3H, m, CH3), 5.06 (2H, m, CH,),
5.73 (1H, m, CH), 7.32-7.81 (5H, m, CH), 8,51 (1H, s, CH); *C NMR d¢; 17.0/17.1 (CHs),
24.5/24.4, 29.7/29.8 (CH,), 34.2/39.9 (CH), 38.6/38.7 (CH,), 53.0 (CH3), 110.7 (C), 117.8
(CHy), 129.9 (CHx2), 133.6 (CHx2), 134.5, 135.4, 159.2 (CH), 164.9, 165.0, 172.7, 173.3
(C); IR 2976, 1779, 1752 1740, 1642, 914 cm™.
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Methyl 1-(2,4-dimethoxyphenyl)-4,5-dioxo-8-(peny-4-en-2-yl)3,6-dioxa-2,7-diazaundeca-
1,7-dien-11-oate 59.

A solution of methyl 4-(hydroxyimino)-5-methyloct-7-enoate (1 g, 4.9 mmol) in Et,O (20
mL) was added dropwise to a stirred solution of 2-(2,4-dimethoxybenzylideneaminooxy)-2-
oxoacetyl chloride (1.32 g, 4.9 mmol) in dry Et,O (20 mL) at -40°C. After stirring for 1 h at -
20°C the suspension was warmed up to room temperature and stirred for another 2h. After
reaction completion, the solvent was evaporated under reduced pressure to give a purple oil,
in aquantitative yield as a mixture of isomers. *H NMR (400 MHz, CDCls), dy; 1.15 (3H, m,
CHj3), 2.05-2.80 (6H, m ,CHy), 3.46 (1H, m, CH), 3.69 (3H, m, CH3), 3.85 (6H, s, CH3), 5.03
(2H, m, CHy), 5.71 (1H, m, CH), 6.42-6.55 (2H, m, CH), 7.82-7.84 (1H, m, CH), 8.77/8.79
(1H, s, CH); 3C NMR 6¢; 16.9/17.7 (CHs), 24.2/25.9, 29.3/30.7 (CH,), 34.5/39.9 (CH),
37.9/38.0 (CH,), 52.2/52.4, 55.9, 56.1 (CHs), 98.5, 106.4 (CH), 110.6 (C), 117.9 (CH),),
129.3, 135.2/135.4, 153.8/154.3 (CH), 160.7, 160.8, 164.9, 165.0, 172.7, 173.3 (C); IR 2975,
1790, 1761, 1758, 1601, 916 cm™.

Methyl  4,5-dioxo-8-(pent-4-en-2-yl)-1,1-diphenyl-3,6-dioxa-2,7-diazaundeca-1,7-dien-
11-oate 60.

A solution of methyl 4-(hydroxyimino)-5-methyloct-7-enoate (1 g, 4.9 mmol) in Et;O (20
mL) was added dropwise to a stirred solution of 2-(diphenylmethylleneaminooxy)-2-
oxoacetyl chloride (1.40 g, 4.9 mmol) in dry Et,O (20 mL) at -40°C. After stirring for 1 h at -
20°C the suspension was warmed up to room temperature and stirred for another 2 h. After
reaction completion, the solvent was evaporated under reduced pressure to give a purple ail,
in a quantitative yield as a mixture of isomers. H NMR (400 MHz, CDCls), dy; 1.03 (3H,
m, CH3), 1.93-2.71 (6H, m, CH,), 3.28-3.31 (1H, m, CH), 3.50-3.64 (3H, m, CH3), 4.94 (2H,
m, CH,), 5.60 (1H, m, CH), 7.06-7.64 (10H, m, CH); *C NMR d¢; 17.0/17.7 (CHs),
24.2/25.7, 29.3/30.5 (CHy), 34.3/39.8 (CH), 37.9/38.1 (CH,), 52.2/52.5 (CH3), 118.0 (CHy),
128.7 (CHx2), 128.9 (CHx2), 129.4 (CH), 129.5 (CHx2), 130.7 (CH), 131.6 (C), 131.9
(CHx2), 134.2 (C), 135.1 (CH), 158.5, 160.2, 166.4, 172.6, 173.2 (C) ; IR 2977, 1791, 1756,
1734, 1641, 916 cm'™,
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2,2-Dimethyl-1-phenylpent-4-en-1-one oxime 75.

A suspension of 2,2-dimethyl-1-phenylpent-4-en-1-one (2 g, 10.6 mmol), hydroxylamine
hydrochloride (1.47 g, 21.2 mmol) and sodium acetate (1.73 g, 21.2 mmol) in EtOH (40 mL)
was heated under reflux condition for 4 h. After reaction conclusion, followed by TLC
(EtOAc/hexane 1:2), the reaction mixture was poured into water (30 mL) and extracted with
DCM (3 x 15 mL). The organic layer was dried over MgSO, and concentrated under reduced
pressure. The residue was purified by flash column chromatography (EtOAc/hexane 10%) to
afford the desired product white solid 1.27 g, 59 %; mp 108-110 °C. *H NMR (400 MHz,
CDCls), 8; 1.03 (6H, s, CH3), 2.11 (2H, d, J = 7.0 Hz, CHy), 4.96 (2H, m, CH,), 5.73 (1H,
m, CH), 7.05 (2H, m, CH), 7.34 (3H, m, CH), 9.14 (1H, s, OH); *C NMR &¢; 25.0 (CH3x2),
39.3 (C), 43.7, 117.2 (CHy), 126.7 (CHx2), 126.9 (CH), 127.0 (CHx2), 1325 (C), 1334
(CH), 164.2 (C); IR 3258, 3062, 2974, 2965, 1640, 952 cm™,

2,2-Dimethyl-1-phenylpent-4-en-1-one dioxime oxalate 76.

A solution of methyl 2,2-dimethyl-1-phenylpent-4-en-1-one oxime (1 g, 4.3 mmol) in Et,O
(20 mL) was added dropwise to a stirred solution of oxalyl chloride (272.5 mg, 2.15 mmol) in
dry Et;O (10 mL) at -40°C. After stirring for 1 h at -20°C the suspension was warmed up to
room temperature and stirred for another 2 h. After reaction completion, the solvent was
evaporated under reduced pressure to give a white solid 1.5 g, 76 % yield, as a mixture of
isomers. The compound was unstable to high temperatures. *H NMR (400 MHz, CDCls), 6x;
1.13 (12H, s, CH3), 2.22 (4H, d, J = 7.2 Hz, CHy), 5.04 (4H, m, CH,), 5.78 (2H, m, CH),
6.91-7.05 (4H, m, CH), 7.28-7.43 (6H, m, CH); *C NMR dc; 25.9 (CH.), 41.9 (C), 44.2
(CH3x2), 118.6 (CH,), 126.7 (CHx2), 128.2 (CHx2), 128.8 (CH), 131.7 (C), 133.8 (CH),
163.3, 173.8 (C) ; IR 3060, 2970, 1763, 1752, 1675, 914 cm™. HRMS (ES) cacd for
CagH32N204Na; 483.2260. Found: 483.2267.

4-M ethyl-1-phenylpent-4-en-1-one dioxime oxalate 81.

A solution of 4-methyl-1-phenylpent-4-en-1-one oxime (1 g, 5.74 mmol) in Et;O (20 mL)
was added dropwise to a stirred solution of oxalyl chloride (364.5 mg, 2.87 mmol) in dry
Et,O (20 mL) at -40°C. After stirring for 1 h at -20°C the suspension was warmed up to room
temperature and stirred for another 2 h. After reaction completion, the solvent was evaporated

under reduced pressure to give a purple oil, in a quantitative yield as a mixture of isomers. *H
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NMR (400 MHz, CDCls), dy; 1.66-1.70 (6H, s, CH3), 2.15 (4H, m, CH.), 2.94-2.96 (4H, m,
CHy), 4.60 (2H, m, CHy), 4.66 (2H, m, CH,), 7.28-7.44 (6H, m, CH), 7.54-7.61 (4H, m, CH);
B3C NMR dc; 22.2 (CHs), 26.9, 34.4, 111.1 (CH,), 127.3 (CHx2), 128.9 (CHx2), 131.2 (CH),
133.0, 144.1, 157.1, 167.8 (C); IR 3000, 2991, 1786, 1760, 1653, 909 cm™.

5-(4-M ethoxyphenyl)-2-methyl-3,4-dihydr o-2H-pyrrole 88.

A solution of the 1-(4-methoxyphenyl)pent-4-en-1-one dioxime oxaate (400 mg, 0.86 mmol)
and p-methoxyacetophenone (256 mg, 1.71 mmol) in toluene (25 mL) placed in a quartz
flask, was photolysed for 4h. at room temperature by light from a400 W UV lamp. After this
time the toluene was evaporated to dryness to give a yellow oil. The oil was purified by
column chromatography (10% EtOAc/hexane) red oil, 198.2 mg, 61 %. *H NMR (400 MHz,
CDCl3), dn; 1.28 (3H, d, J = 6.8, CH3), 1.46 (1H, m, CH,), 2.15 (1H, m, CH,), 2.78 (1H, m,
CHy), 2.96 (1H, m, CH,), 3.78 (3H, s, CH3), 4.20 (1H, m, CH), 6.83 (2H, d, J = 8.8 Hz, CH),
7.71 (2H, d, J = 8.8 Hz, CH); *C NMR 6¢; 22.2 (CHs), 30.7, 35.2 (CH,), 55.6 (CHs), 68.2
(CH), 113.8 (CHx2), 127.4 (C), 129.3 (CHx2), 161.2, 171.1 (C); IR 3268, 2923, 1684 cm™.
HRMS (CI") caled for CioH16NO; 190.1232. Found 190.1238.

2,2-Dimethyl-1-phenylpent-4-en-1-one 90.

A mixture of isobutyrophenone (2 g, 13.6 mmoal), allyl bromide (1.76 g, 14.4 mmol) and
potassium t-butoxide (1.7 g, 15 mmoal) in t-butyl acohol (20 mL) was heated at reflux for 3h
under a nitrogen atmosphere. After cooling the reaction mixture was poured into water (25
mL) and extracted with diethyl ether (3 x15 mL). The solvent was removed under reduced
pressure and the residue was distilled on a Kugelrohr (131°C, 0.4 mmHg) to give the title
ketone as a colourless oil 1.73 g, 68 %. *H NMR (400 MHz, CDCls), dy; 1.23 (6H, s, CH3),
2.40 (2H, d, J = 7.3 Hz, CH,), 4.93 (2H, m, CH,), 5.65 (1H, m, CH), 7.34 (3H, m, CH), 7.57
(2H, m, CH); *C NMR Jc; 24.8 (2xCH3), 45.0 (CH,), 49.7 (C), 115.5 (CH,), 126.4 (2x CH),
127.2 (2xCH), 131.5 (CH), 136.0 (C), 138.1 (CH), 206 (C); IR 2976, 1676, 1597 cm*

4-Methyl-1-phenylpent-4-en-1-one 91.

A solution of acetophenone (2 g, 16 mmol) in dry THF (5 mL) was added dropwise over 10
min to a suspension of potassium hydride (0.64 g, 17 mmol) in dry THF (25 mL) at 0°C
under N,. The yellow suspension was stirred at 23°C for 30 min and BEt; 1M solution in
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THF (17 mL, 17 mmol) was added dropwise at 15°C over 15 min. After stirring the solution
at 23 °C for 15 min, 3-bromo-2-methyl-prop-1-ene (3.21 g, 24 mmol) was added dropwise
over 10 min and the resulting suspension was stirred for 4 h at 23 °C and quenched witha 1:1
mixture of 30% NaOH and 30% H,0, (15 mL) at 0 °C over 15 min. The reaction mixture
was then diluted with H,O (20 mL), the layers were separated and the organic layer diluted
with Et;O (75 mL) and washed with water (2 x 30 mL). The combined water layers were
extracted with DCM (2 x 30 mL) and the combined organic layers were dried over NaxSO,
and the solvent was removed under reduced pressure. The isolated product was purified by
column chromatography (AcOEt/hexane 5%) to afford the named product as a colourless ail,
2.14 g, 77 %. *H NMR (400 MHz, CDCls), dy; 1.71 (3H, s, CHa3), 2.37 (2H, t, J = 6.3 Hz,
CH,), 3.04 (2H, t, J = 7.5 Hz, CH,), 4.66 (1H, s, CH,), 4.67 (1H, s, CH,), 7.38 (2H, m, CH),
7.47 (1H, m, CH), 7.89 (2H, m, CH); °C NMR 6¢; 23.1 (CHs), 31.9, 37.2, 110.5 (CHy),
128.0 (CHx2), 128.6 (CHx2), 133.0 (CH), 137.0, 144.7, 199.7 (C); IR 2970, 1674, 1590 cm™.

1-(2,4-Dimethoxyphenyl)pent-4-en-1-one 92.

A solution of 1-(1,4-dimethoxyphenyl)ethanone (2 g, 11 mmol) in dry THF (5 mL) was
added dropwise over 10 min to a suspension of potassium hydride (0.53 g, 13 mmol) in dry
THF (25 mL) at 0°C under N,. The yellow suspension was stirred at 23°C for 30 min and
BEt; 1M solution in THF (13 mL, 13 mmol) was added dropwise at 15°C over 15 min. After
stirring the solution at 23 °C for 15 min, alyl bromide (1.99 g, 16.5 mmol) was added
dropwise over 10 min and the resulting suspension was stirred for 4 h at 23 °C and quenched
with a 1:1 mixture of 30% NaOH and 30% H,0, (15 mL) at 0 °C over 15 min. The reaction
mixture was then diluted with H,O (20 mL), the layers were separated and the organic layer
diluted with Et,O (75 mL) and washed with water (2 x 30 mL). The combined water layers
were extracted with DCM (2 x 30 mL) and the combined organic layers were dried over
NaSO, and the solvent was removed under reduced pressure. The isolated product was
purified by column chromatography (AcOEt/hexane 5%) to afford the named product as a
colourless ail, 1.86 g, 77 %. *H NMR (400 MHz, CDCls), d; 2.35 (2H, t, J = 7.2 Hz, CH)),
297 (2H,t,J=7.2 Hz, CH,), 3.77 (3H, s, CH3), 3.81 (3H, s, CH3), 4.95 (2H, m, CH,), 5.84
(1H, m, CH), 6.37 (1H, d, J = 2.3 Hz, CH), 6.44 (1H, dd, J= 8.7, 2.3 Hz, CH), 7.73 (1H, d, J
=8.7 Hz, CH); *C NMR dc; 28.7, 43.0 (CH,), 55.7 (CHsx2), 98.5, 105.2 (CH), 114.7 (CHy),
121.4 (C), 133.0, 138.3 (CH), 160.8, 164.4, 199.6 (C); IR 2942, 1664, 1575 cm™.
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4-M ethyl-1-phenylpent-4-en-1-one oxime 93.

A suspension of 4-methyl-1-phenylpent-4-en-1-one (2 g, 11.5 mmol), hydroxylamine
hydrochloride (1.59 g, 23 mmol) and sodium acetate (1.88 g, 23 mmol) in EtOH (40 mL) was
heated under reflux condition for 4 h. After reaction conclusion, followed by TLC
(EtOAc/hexane 1:2), the reaction mixture was poured into water (30 mL) and extracted with
DCM (3 x 15 mL). The organic layer was dried over MgSO, and concentrated under reduced
pressure. The residue was purified by flash column chromatography (EtOAc/hexane 10%) to
afford the desired product white solid 1.39 g, 64%; mp 68-70 °C. 'H NMR (400 MHz,
CDCl3), on; 1.68 (3H, s, CH3), 2.18 (2H, t, J = 7.7 Hz, CH,), 2.88 (2H, t, J = 8.2 Hz, CH,),
4.65 (1H, s, CH,), 4.67 (1H, s, CH>), 7.30 (3H, m, CH), 7.51 (2H, m, CH), 9.63 (1H, s, OH);
13C NMR d¢; 21.4 (CHs), 23.9, 32.8, 109.4 (CHy), 125.3 (CHx2), 127.6 (CHx2), 128.2 (CH),
134.6, 144.0, 158.3 (C); IR 3255, 3076, 3018, 2972, 1649, 930 cm™

1-(2,4-Dimethoxyphenyl)pent-4-en-1-one oxime 94.

A suspension of 1-(2,4-dimethoxyphenyl)pent-4-en-1-one (1 g, 4.5 mmol), hydroxylamine
hydrochloride (0.62 g, 9 mmol) and sodium acetate (0.73 g, 9 mmol) in EtOH (25 mL) was
heated under reflux condition for 4 h. After reaction conclusion, followed by TLC
(EtOAc/hexane 1:2), the reaction mixture was poured into water (20 mL) and extracted with
DCM (3 x 15 mL). The organic layer was dried over MgSO, and concentrated under reduced
pressure. The residue was purified by flash column chromatography (EtOAc/hexane 10%) to
afford the desired product white solid 0.75 g, 71 %: mp 77-79 °C; two isomers 7:3. *H NMR
(400 MHz, CDCl3), oy; 2.14 (2H, m, CHy), 2.52/2.76 (2H, m, CH,), 3.71 (3H, s, CH3), 3.73
(3H, s, CH3), 4.88 (2H, m, CHy), 5.72 (1H, m, CH), 6.35-6.46 (2H, m, CH), 6.98/7.10 (1H, d,
J = 8.8 Hz, CH); *C NMR d¢; 28.2/30.9, 30.3/34.9 (CH,), 55.8/56.0 (CH3x2), 99.2/99.3,
104.6/104.8 (CH), 115.1/115.6 (CH,), 1189 (C), 130.2/131.2, 138.0/138.6 (CH),
157.5/158.9, 160.1, 161.7/161.9 (C); IR 3257, 3079, 3015, 2939, 1639, 1610, 927 cm™*

1-(2,4-Dimethoxyphenyl)pent-4-en-1-one dioxime oxalate 95.

A solution of 1-(2,4-dimethoxyphenyl)pent-4-en-1-one oxime (700 mg, 2.97 mmol) in Et,O
(20 mL) was added dropwise to a stirred solution of oxalyl chloride (189 mg, 1.48 mmoal) in
dry Et,O (20 mL) at -40°C. After stirring for 1 h at -20°C the suspension was warmed up to
room temperature and stirred for another 2 h. After reaction completion, the solvent was

evaporated under reduced pressure to give a purple oil, in a quantitative yield as a mixture of
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isomers. 'H NMR (400 MHz, CDCl3), d; 2.06-2.70 (8H, m, CH,), 3.71-3.81 (12H, m , CHy),
4.97 (4H, m, CHy), 5.77 (2H, m, CH), 6.43 (2H, m, CH), 7.51 (2H, m, CH), 8.16 (2H, m,
CH); *C NMR d¢; 27.8/29.6, 34.4/34.5 (CHy,), 55.8 (CH3x2), 98.6/98.7, 103.7/104.6 (CH),
115.7 (CHy), 120.7/129.6 (CH), 121.4, 149.1, 156.3, 161.9, 169.9, 174.6 (C); IR cm™ 2934,
1768, 1705, 1605, 1512, 926 cm™.

5-(2,4-Dimethoxyphenyl)-2-methyl-3,4-dihydr o-2H-pyrrole 98.

A solution of 1-(2,4-dimethoxyphenyl)pent-4-en-1-one dioxime oxalate (400 mg, 0.76 mmol)
and p-methoxyacetophenone (228 mg, 1.52 mmol) in toluene (25 mL) placed in a quartz flask
was photolysed for 4h. at room temperature by light from a 400 W UV lamp. After this time
the toluene was evaporated to dryness to give a yellow oil. The oil was purified by column
chromatography (10% EtOAc/hexane), red oil 222 mg, 67 %. *H NMR (400 MHz, CDCl5),
on; 1.28 (3H, d, J = 6.7 Hz, CH3), 1.44 (1H, m, CHy), 2.12 (1H, m, CH,), 2.88 (1H, m, CH)),
3.04 (1H, m, CH,), 3.77 (3H, s, CHs), 3.78 (3H, s, CH3), 4.12 (1H, m, CH), 6.43 (2H, m ,
CH), 7.68 (1H, d, J = 8.5, CH); *C NMR J¢; 21.9 (CHa), 30.1, 38.1 (CH,), 55.5 (CH3x2),
66.4 (CH), 98.6, 105.1 (CH), 116.6 (C), 131.7 (CH), 159.0, 165.8, 172.3 (C); IR 3018, 2964,
1609 cm™ HRMS (CI*) caled for Ci3H1gNO,; 220.1338. Found: 220.1337.

2-Allyl-2-methylcyclohexane-1,3-dione 100.%

Allyl bromide (3 g, 26 mmol), and BusNI (50 mg, 0.13 mmol) were added to a solution of 2-
methylcyclohexane-1,3-dione (1.64 g, 13 mmol) in 1 M. aqueous NaOH (13 mL, 13 mmol).
The mixture was stirred vigorously at 50 °C for 24 h. The organic layer was separated and the
aqueous layer was extracted with DCM (3 x 20 mL). The combined organic layers were
washed with brine, dried over MgSO, and evaporated. Vacuum digtillation of the crude
material gave the title compound as a colourless oil 1.57 g, 73%. *H NMR (400 MHz,
CDCl3), on; 1.22 (3H, s, CH3), 1.78-2.07 (2H, m, CH,), 2.52 (2H, dt, J = 7.0, 1.0 Hz, CH,),
2.55-2.72 (4H, m, CHy), 5.04 (2H, m, CHy), 5.56 (1H, m, CH); *C NMR d¢; 17.5 (CHy),
19.3 (CH3), 38.1 (CH;x2), 41.2 (CH,), 65.1 (C), 119.1 (CH,), 132.2 (CH), 209.8 (Cx2); IR
3079, 2967, 1724, 1693, 1454 cm™.
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Methyl 6-methyl-5-oxonon-8-enoate 101.

2-Allyl-2-methylcyclohexane-1,3-dione (2 g, 12.0 mmol) was added to a stirred solution of
NaOH (0.98 g, 24.0 mmol) in H,O (25 mL) and stirred at room temperature overnight. The
reaction mixture was washed with Et,O (3 x 20 mL), acidified with 5 M H,SO,, and extracted
with Et;O (4 x 20 ml). The combined extracts of the acidified reaction mixture were dried
over MgSO, and concentrated under reduced pressure. The residue was dissolved in MeOH
(50 mL) in the presence of catalytic amount of H,SO, (0.5 mL) and stirred at reflux
temperature for 4 h. The solution was added to H,O (40 mL) and stirred for 10 minutes. The
mixture was extracted with DCM (3 x 20 mL). The combined extracts were washed with
H,0 (3 x 20 mL), saturated agueous NaHCO;3 (3 x 30 mL) and H,0O (3 x 20 mL), dried over
MgSO, and concentrated under reduced pressure. Didtillation of the residue on a Kugelrohr
(120°C, 0.10 mmHg) afforded the desired product as a yellow oil, 1.42 g, 60 %. *H NMR
(400 MHz, CDCl3), oy; 1.08 (3H, d, J = 7.0 Hz, CH3), 1.89 (2H, qt, J = 7.1 Hz, CH,), 2.09
(1H, m, CH,), 2.28-2.67 (6H, m, CH, CH.), 3.67 (3H, s, CH3), 5.04 (2H, m, CH,), 5.72 (1H,
m, CH); *C NMR dc; 16.0 (CH3), 18.6, 32.9, 37.0, 39.9 (CH,), 45.8 (CH), 51.4 (CH3), 116.8
(CHy), 135.5 (CH), 173.9, 213.0 (C) ; IR 2970, 1739, 1710, 1437 cm™*

Methyl 5-(hydroxyimino)-6-methylnon-8-enoate 102.

Sodium acetate (0.82 g, 10.0 mmol) was added to a stirred solution of methyl 6-methyl-5-
oxonon-8-enoate (1 g, 5.0 mmol) in ethanol (20 mL) and hydroxylamine hydrochloride (0.69
g, 10.0 mmol). The mixture was stirred for 5 h at reflux temperature. The solution was poured
into H,O (25 mL) and extracted with DCM (3 x 15 mL). The combined extracts were dried
over MgSO,. The solvent was evaporated to dryness to give the crude oxime as a light yellow
oil which was distilled on a Kugelrohr (182°C, 0.10 mmHg) to give the product as a
colourless ail 0.77 g, 70 %. *H NMR (400 MHz, CDCls), dn; 1.06/1.10 (3H, d, J = 6.7 Hz,
CHj3), 1.79-2.54 (9H, m, CH, CHy), 3.67/3.68 (3H, s, CH3), 5.04 (2H, m, CHy), 5.73 (1H, m,
CH), 9.32 (1H, s, OH); *C NMR d¢; 16.7/17.9 (CHs), 21.5/21.6, 26.6/29.9 (CH,), 31.7/39.0
(CH), 33.8/34.4, 37.8/38.8 (CH,), 52.0 (CHs), 116.7/117.0 (CH,), 136.6/136.7 (CH),
163.1/163.7, 174.2 (C); IR 3325, 2972, 2930, 1739, 1641, 1498, 928 cm™.
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Methyl 4,5-dioxo-8-(pent-4-en-2-yl)-1,1-diphenyl-3,6-dioxa-2,7-diazadodeca-1,7-dien-12-
oate 103.

A solution of methyl 5-(hydroxyimino)-6-methylnon-8-enoate (1 g, 4.7 mmol) in Et;O (20
mL) was added dropwise to a stirred solution of 2-(diphenylmethyleneaminooxy)-2-
oxoacetyl chloride (1.34 g, 4.7 mmol) in dry Et,O (20 mL) at -40°C. After stirring for 1 h at -
20°C the suspension was warmed up to room temperature and stirred for another 2 h. After
reaction completion, the solvent was evaporated under reduced pressure to give a purple oil,
in a quantitative yield as a mixture of isomers. *H NMR (400 MHz, CDCls), dy; 1.04/1.13
(3H, d, J = 6.9 Hz, CH3), 2.05-3.26 (9H, m, CH, CH,), 3.61/3.68 (3H, s, CH3), 4.98 (2H, m,
CHy), 5.63 (1H, m, CH), 7.33-7.61 (10H, m, CH); *C NMR d¢; 16.9/17.7 (CHs), 20.7/21.2,
24.3/25.7, 29.3/30.4, 31.3/33.3 (CH,), 34.2/39.8 (CH), 52.2/52.3 (CH3), 117.7/117.8 (CH,),
128.8 (CHx2), 128.9 (CHx2), 129.4 (CHx2), 129.5 (CHx2), 130.6/130.7, 131.9, 135.1/135.4
(CH), 131.7, 134.2, 135.0, 158.5, 160.1, 166.4, 173.2 (C); IR 2977, 1791, 1755, 1734, 1641,
912 cm™,

Methyl 3-(2,4-dimethyl-3,4-dihydr o-2H-pyrrol-5-yl)propanoate 104.

A solution of methyl 4,5-dioxo-8-(pent-4-en-2-yl)-1,1-diphenyl-3,6-dioxa-2,7-diazaundeca-
1,7-dien-11-oate (400 mg, 0.88 mmol) and p-methoxyacetophenone (264 mg, 1.76 mmol) in
toluene (25 mL) placed in a quartz flask was photolysed for 4h at room temperature by light
from a 400 W UV lamp. After this time the toluene was evaporated to dryness to give a
yellow oil. The oil was purified by column chromatography (10% EtOAc/hexane), the named
compound was isolated as a yellow oil, 0.98 g, 61 %. 'H NMR (400 MHz, CDCls), dx;
1.03/1.09 (3H, d, J = 7.2 Hz, CH3), 1.10/1.19 (3H, d, J = 7.2 Hz, CH3), 1.61 (1H, t, J = 6.7
Hz, CH,), 2.22-2.84 (6H, m, CH, CHy), 3.60 (3H, s, CH3), 3.77/4.01 (1H, m, CH); *C NMR
oc; 16.4/17.1, 20.7/21.9 (CH3), 24.9/25.1, 28.7/29.4, 38.5/39.2 (CH,), 43.4/44.5 (CH), 50.6
(CHs), 64.3/64.7 (CH), 172.8, 177.2 (C); IR 1764, 1646 cm™.

Methyl 4-(2,4-dimethyl-3,4-dihydro-2H-pyrrol-5-yl)butanoate 105.

A solution of methyl methyl-4,5-dioxo-8-(pent-4-en-2-yl)-1,1-diphenyl-3,6-dioxa-2,7-
diazadodeca-1,7-dien-12-oate (400 mg, 0.86 mmol) and p-methoxyacetophenone (258 mg,
1.72 mmol) in toluene (25 mL) placed in a quartz flask was photolysed for 4h at room
temperature by light from a 400 W UV lamp. After this time the toluene was evaporated to
dryness to give a yelow oil. The oil was purified by column chromatography (10%
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EtOAc/hexane), the named compound was isolated as a yellow oil, 0.94 g, 56 %. 'H NMR
(400 MHz, CDCl3), dy; 1.0/1.08 (3H, d, J = 7.1 Hz, CH3), 1.11/1.21 (3H, d, J = 7.1 Hz,
CHs), 1.59 (1H, m, CH,), 1.86 (2H, m, CH,), 2.18-2.35 (5H, m, CH5), 2.71 (1H, m, CH),
3.60 (3H, s, CH3), 3.75/4.01 (1H, m, CH); C NMR éc; 16.4/17.1 (CH3), 20.48 (CH,),
20.9/21.8 (CHs), 29.3/29.4, 32.5/32.6, 38.4/39.1 (CH), 42.9/44.0 (CH), 50.5 (CHs),
64.1/64.5 (CH), 172.8, 178.2/178.3 (C).; IR,1764, 1645 cm™™.

2-4 Dimethoxybenzaldehyde-O-(O-5-methyl-4-oxooct-7-ynoic acid methyl ester) dioxime
oxalate 110.

A solution of methyl 4-(hydroxyimino)-5-methyl-oct-7-ynoic acid methyl ester (1g, 5.0
mmol) in Et;O (20 mL) was added dropwise to a dtirred solution of 2-(2,4-
dimethoxybenzylideneaminooxy)-2-oxoacetyl chloride (1.37 g, 5.0 mmol) in dry Et,O (20
mL) at -40°C. After stirring for 1 h at -20°C the suspension was warmed up to room
temperature and stirred for another 2 h. After reaction completion, the solvent was evaporated
under reduced pressure to give a purple ail, in a quantitative yield as a mixture of isomers. *H
NMR 6y; 1.24 (3H, d, J= 7.1 Hz, CHg), 1.99 (1H, t, J = 2.7 Hz, CH), 2.31-3.10 (7H, m, CH,
CHy), 3.67 (3H, s, CH3), 3.86 (6H, s, CH3), 6.40 (1H, s, CH), 6.55 (1H, d, J = 8.8 Hz, CH),
7.88 (1H, d, J = 8.8 Hz, CH), 8.86 (1H, s, CH); **C NMR d¢; 16.7 (CHs), 22.3, 28.1, 36.2
(CHy), 45.3 (CH), 52.1, 56.4, 56.4 (CH3), 69.5 (CH), 82.0 (C), 98.2, 105.6 (CH), 110.8 (C),
129.1, 154.9 (CH), 160.7, 160.9, 166.3, 166.5, 166.8, 173.59 (C); IR 3288, 2953, 1782, 1738,
1706 cm™.

2-Methyl-2-prop-2-ynylcyclopentane-1,3-dione 113.%

Propargyl bromide (5.35 g, 45 mmol) was added to a solution of NaOH (1.8 g, 45 mmol) and
2-methylcyclopentane-1,3-dione (5 g, 45 mmol) in H,O (40 mL) The mixture was stirred at
60 °C for 10 h and then extracted with CH,Cl, (5 x 20mL). The combined extracts were
concentrated under reduced pressure. The residue was dissolved in MeOH (15 mL) and
stirred with water (10 mL) and concentrated H,SO4 (1 mL) at reflux temperature for 3 h.. The
MeOH was removed under reduced pressure and the remaining mixture was extracted with
CHCl, (5 x 20 mL). The combined extracts were washed with saturated agueous NaHCOs (3
x 20 mL), dried over MgSO,, and concentrated under reduced pressure. Distillation of the
residue on a Kugelrohr (124 °C, 0.1 mm Hg) afforded the product as a yellow ail, 4.18 g, 63
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%. 'H NMR dyy; 1.14 (3H, s, CH3), 1.99 (1H, t, J= 2.7 Hz, CH), 2.60-2.70 (4H, m, CH,), 2.77
(2H, d, J= 2.6 Hz, CH,).

Methyl 5-methyl-4-oxooct-7-ynoate 114.

2-Methyl-2-prop-2-ynylcyclopentane-1,3-dione (2 g, 13.3 mmol) was added to a stirred
solution of NaOH (1.2 g, 26.6 mmol) in HO (25 mL) and stirred at room temperature
overnight. The reaction mixture was washed with EtO, (3 x 20 mL), acidified with 5M
H,SO,, and extracted with Et,O (4 x 20 ml). The combined extracts of the acidified reaction
mixture were dried over MgSO, and concentrated under reduced pressure. The residue was
dissolved in MeOH (50 mL) in the presence of catalytic amount of H,SO,4 (0.5 mL) and
stirred at reflux temperature for 4 h. The solution was added to H,O (40 mL) and stirred for
10 min. The mixture was extracted with DCM (3 x 20 mL). The combined extracts were
washed with H,O (3 x 20 mL), saturated aqueous NaHCO3 (3 x 30 mL) and H,O (3 x 20
mL), dried over MgSO, and concentrated under reduced pressure. Distillation of the residue
on a Kugelrohr (133°C, 0.10 mmHg) afforded the desired product as a yellow oil, 1.88 g, 78
%. 'H NMR 6; 1.24 (3H, m, CHs), 1.98 (1H, t, J = 2.7 Hz, CH), 2.34 (1H, m, CH,), 2.48
(1H, m, CHy), 2.60-2.85 (5H, m, CH,, CH), 3.67 (3H, s, CH3).

Methyl 4-(hydroxyimino)-5-methyloct-7-ynoate 115.

Sodium acetate (0.90 g, 11 mmol) was added to a stirred solution of 5-methyl-4-oxooct-7-
ynoic acid methyl ester (1 g, 5.5 mmol) in ethanol (20 mL) and hydroxylamine hydrochloride
(0.76 g, 11 mmol). The mixture was stirred for 4 h at reflux temperature. The solution was
poured into H,O (25 mL) and extracted with DCM (3 x 15 mL). The combined extracts were
dried over MgSO,. The solvent was evaporated to dryness to give the crude oxime as a light
yellow oil which was distilled on a Kugelrohr (203 °C, 0.10 mmHg) to give the product as a
colourless oil and a mixture of isomers, 1.45 g, 67 %. *H NMR dy; 1.14 (3H, m, CHs), 1.94
(1H, t, J = 2.3 Hz, CH), 2.33-2.40 (2H, m, CHy), 2.62-2.89 (4H, m, CH,), 3.31 (1H, m, CH),
3.67 (3H, s, CH3); *C NMR Jc; 16.7/17.9 (CHs), 22.6/23.5, 24.3/25.8, 30.6 (CH.), 31.7/38.9
(CH), 51.6 (CH3), 70.4 (CH), 82.4, 161.5/162.1, 173.6/173.9 (C); IR, 3285, 1737, 1709 cm™.
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1-(Biphenyl-2-yl)ethanone 118.%°

1-(2-bromophenyl)ethanone (1g, 5 mmol) and phenylboronic acid (0.61g, 5 mmol) were
dissolved in toluene (40 mL), and sodium carbonate (1.05 g, 10 mmol, 2M) was added. To
this reaction mixture was added ethanol (2 mL) followed by tetrakis(triphenylphosphine)-
paladium (0.11 g, 2 %). The reaction mixture was refluxed overnight under N, and then
diluted with water, the organic layer was separated, and the agueous layer was extracted with
EtOAC (2 x 30 mL). The combined organic extracts were washed with water (3 x 30 mL) and
brine (1 x 30 mL) dried over MgSO, and filtered. The filtrate was evaporated under reduced
pressure and the residue was purified by column chromatography on silica ge
(hexane/EtOAcC 5%) to yield a colourless ail, 0.59 g, 61 %. *H NMR (400 MHz, CDCls), dy;
2.03 (3H, s, CH3), 7.35-7.47 (7H, m, CH), 7.53 (1H, dt, J = 7.5, 1.4 Hz, 1H), 7.58 (1H, dd, J
= 7.5, 1.2 Hz, CH); *C NMR d¢; 30.8 (CH3), 127.5 (CH), 127.9 (CHx2), 128.7 (CHx2),
128.9 (CHx2), 130.3, 130.7 (CH), 140.4, 140.6, 140.8, 204.7 (C); IR 3060, 1688, 1594 cm™

1-(Biphenyl-2-yl)ethanone oxime 119.

A suspension of 1-(biphenyl-2-yl)ethanone (1g, 5.1 mmol), hydroxylamine hydrochloride
(0.71 g, 10.2 mmol) and sodium acetate (0.84 g, 10.2 mmol) in EtOH (40 mL) was heated
under reflux condition for 4 h. After the conclusion of the reaction as indicated by TLC
(EtOAc/hexane 1:2), the reaction mixture was poured into water (30 mL) and extracted with
DCM (3 x 15 mL). The organic layer was dried over MgSO, and concentrated under reduced
pressure. The solid residue was recrystalised (EtOAc/hexane) to give a white crystal, 0.71 g,
66 %; mp 35-37 °C; two isomers 9:1. *H NMR (400 MHz, CDCls), dy; 1.58/1.63 (3H, s,
CHs), 7.16-7.40 (9H, m, CH); **C NMR d¢; 16.2 (CH3), 127.4, 127.5 (CH), 128.6 (CHx2),
129.0 (CHx2), 129.1, 129.3, 130.4 (CH), 136.8, 140.7, 141.1, 159.2 (C).; IR cm™ 3228, 1595,
921 cm™.

1-(Biphenyl-2-yl)ethanone dioxime oxalate 120.

A solution of 1-(biphenyl-2-yl)ethanone oxime (0.7 g, 3.31 mmol) in Et;O (20 mL) was
added dropwise to a tirred solution of oxalyl chloride (210.5 mg, 1.65 mmol) in dry Et,O (10
mL) at -40°C. After stirring for 1 h at -20°C the suspension was warmed up to room
temperature and stirred for another 2 h. After completion of the reaction, the solvent was

evaporated under reduced pressure to give a white solid, in a quantitative yield. *H NMR
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(400 MHz, CDCl3), oy; 1.74 (6H, s, CHa), 7.12-7.53 (18H, m, CH) ; *C NMR Jc; 17.4
(CHs), 126.5, 126.8 (CH), 127.7 (CHx2), 127.8 (CHx2), 128.5, 129.3, 129.4 (CH), 133.0,
139.0, 139.8, 168.3 (C); IR 3054, 2986, 1787, 1764, 1684, 909 cm™.

Biphenyl-2-car baldehyde dioxime oxalate 123.

A solution of biphenyl-2-carbal dehyde oxime (1.0 g, 5.07 mmol) in Et,O (20 mL) was added
dropwise to a stirred solution of oxalyl chloride (322 mg, 2.53 mmol) in dry Et,O (10 mL) at
-40°C. After stirring for 1 h at -20°C the suspension was warmed up to room temperature and
stirred for another 2 h. After reaction completion, the solvent was evaporated under reduced
pressure to give a white solid, in a quantitative yield. *H NMR (400 MHz, CDCls), dy;
7.17/7.24 (4H, m, CH), 7.31-7.41 (10H, m, CH), 7.49 (2H, td, J = 7.5, 1.5 Hz, CH), 8.02 (2H,
d, J = 7.8 Hz, CH), 8.40 (2H, s, CH); **C NMR d¢; 126.8 (C), 127.5 (CH), 127.9 (CH), 128.2
(CH), 128.7 (CHx2), 129.7 (CHx2), 130.5, 132.0 (CH), 138.6, 144.0 (C), 157.5 (CH), 163.7
(C); IR 2980, 1768, 1734, 1610, 914 cm'™.

Phenanthridine 124.%

A solution of biphenyl-2-carbaldehyde dioxime oxaate (250 mg, 0.55 mmol) and p-
methoxyacetophenone (165.2 mg, 1.11 mmol) in CH3CN (25 mL) was photolysed for 4h. at
room temperature placed in aquarzt flask by light from a400 W UV lamp. After thistime the
CH3CN was evaporated to dryness to give a yellow oil. The oil was purified by column
chromatography (10% EtOAc/hexane), the named compound was isolated as a yellow
crystal, 130 mg, 67 %; mp 105-107 °C. *H NMR (400 MHz, CDCls), dy; 7.62-4.65 (2H, m,
CH), 7.71-7.75 (2H, m, CH), 8.08 (1H, d, J = 8.1, CH), 8.22 (1H, d, J = 8.2 Hz, CH), 8.61
(1H, dd, J = 8.1, 1.2 Hz, CH), 8.65 (1H, d, J = 8.3, CH), 9.32 (1H, s, CH); *C NMR dc;
121.7, 122.1 (CH), 123.9, 126.9 (C), 127.3 (CH), 128.4 (CHx2), 128.6, 130.0, 130.8 (CH),
132.3, 144.3 (C), 153.4 (CH).

Biphenyl-2-carbaldehyde 134.3

From 2- bromobenzaldehyde (1g, 5.5 mmol), as described for 118. Clear oil, 0.62 g, 63 %. *H
NMR (400 MHz, CDCI3), dy; 7.36-7.40 (2H, m, CH), 7.43-7.52 (5H, m, CH), 7.64 (1H, td, J
=7.5, 1.4 Hz, CH), 8.03 (1H, dd, J = 7.7, 1.1, CH), 9.98 (1H, s, CH); 13C NMR dc; 127.5,
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127.8, 128.1, 128.4 (CH), 130.1 (CHx2), 130.8 (C), 133.6 (CHx2), 133.7 (CH), 137.7, 146.0
(C), 192.5 (CH); IR 3020, 1691, 1596 cm-1.

Biphenyl-2-yl(phenyl)methanone 135.%

From (2-bromophenyl)(phenyl)methanone (1g, 3.84 mmol), as described for 118. White
crystals 0.55 g, 56 %; mp 85-87 °C. *H NMR (400 MHz, CDCls), dy; 7.00/7.18 (7H, m, CH),
7.48-7.25 (5H, m, CH), 7.57-7.52 (2H, m, CH); *C NMR d¢; 127.2, 127.4 (CH), 128.1
(CHx2), 128.3 (CHx2), 128.8 (CH), 129.0 (CHx2), 130.0 (CHx2), 130.1, 130.4, 132.9 (CH),
137.5, 139.0, 140.2, 141.2, 199.3 (C); IR 3060, 1665, 1598 cm™,

6-Phenylbenzo[d][1,3]dioxole-5-car baldehyde 136.

From 6-bromopiperona (1 g, 4.38 mmol), as described for 118. White solid 0.60 g, 61 %; mp
80-82 °C. 'H NMR (400 MHz, CDCls), dy; 6.00 (2H, s, CH,), 6.78 (1H, s, CH), 7.27 (2H,
m, CH), 7.36 (3H, m, CH), 7.40 (1H, s, CH), 9.67 (1H, s, CH); *C NMR Jc; 102.4 (CH,),
106.6, 110.5 (CH), 127.8 (C), 128.2 (CH), 128.4 (CHx2), 130.1 (CHx2), 137.4, 143.8, 147.8,
152.3 (C), 190.6 (CH); IR 3058, 2907, 1677 cm™; HRMS (CI*) calcd for Ci4H110s;
227.0708. Found 227.0704.

Biphenyl-2-car baldehyde oxime 137.

From biphenyl-2-carbaldehyde (1 g, 5.5 mmol), as described for 119. Yellow solid 1.08 g, 74
%; mp 108-110 °C. *H NMR (400 MHz, CDCls), dy; 7.21-7.42 (8H, m, CH), 7.84 (1H, d, J =
7.6 Hz, CH), 8.04 (1H, s, CH); ®C NMR d¢; 126.1, 127.6, 127.7 (CH), 128.4 (CHx2), 129.7
(CHx2), 129.8, 130.3 (CH), 136.0, 139.5, 145.2 (C), 149.8 (CH); IR 3313, 1616, 931 cm™

Biphenyl-2-yl(phenyl)methanone oxime 138.

From biphenyl-2-yl(phenyl)methanone (1.0 g, 3.87 mmol), as described for 119.Y ellow solid
0.59 g, 56 %; mp 102-104 °C. *H NMR (400 MHz, CDCl3), 6x; 6.96-7.50 (14H, m, CH),
9.41 (1H, s, OH); *C NMR d¢; 127.1, 127.2, 127.3, 127.9/128.0 (CHx2), 128.2/128.3
(CHx2), 1285 (CHx2), 129.2 (CH), 129.4 (CHx2), 129.6, 130.1 (CH), 132.2/132.8,
135.6/136.2, 140.6, 141.3, 158.0/158.8 (C) ; IR 3231, 1593, 921 cm™,

6-Phenylbenzo[d][1,3]dioxole-5-car baldehyde oxime 139.
From 6-phenylbenzo[d][1,3]dioxole-5-carbaldehyde (1 g, 4.42 mmol), as described for 119.
Yellow solid 0.69 g, 68 %; 140-142 °C; mixture of isomers. *H NMR (400 MHz, CDCl3), 5;
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6.05 (2H, s, CH,), 6.81 (1H, s, CH), 7.30 (2H, m, CH), 7.43 (3H, m, CH), 7.62 (1H, s, CH),
8.02 (1H, s, CH); 3C NMR dc; 101.9 (CH), 105.7, 110.4 (CH), 124.0 (C), 128.1 (CH), 128.8
(CHx2), 130.2 (CHx2), 138.1, 139.7, 147.8, 149.5 (C), 149.9 (CH); IR 3238, 1613, 943 cm™*

Biphenyl-2-yl(phenyl)methanone dioxime oxalate 140.

From biphenyl-2-yl(phenyl)methanone oxime (400 mg, 1.46 mmol), as described for 120.
White solid quantitative yield; mixture of isomers. *"H NMR (400 MHz, CDCls), 6y; 6.81-
7.58 (28, m, CH); *C NMR ¢ 126.1, 126.6 (CH), 127.2 (CHx2), 127.3 (CHx2), 127.5,
127.6 (CH), 128.1 (CHx2), 128.2 (CHx2), 129.0 (CH), 129.7, 130.2 (C), 130.5 (CH), 132.8,
138.8, 140.3, 165.1 (C); IR 3059, 1790, 1764, 1653, 919 cm™.

6-Phenylbenzo[d][1,3]dioxole-5-car baldehyde dioxime oxalate 141.

From 6-phenylbenzo[d][1,3]dioxole-5-carbaldehyde oxime (500 mg, 2.1 mmol) as described
for 120. White solid quantitative yield; mixture of isomers. 'H NMR (400 MHz, CDCls), dy;
5.96/6.00 (4H, s, CH,), 6.71/6.75 (2H, s, CH), 7.13-7.22 (4H, m, CH), 7.28-7.42 (8H, m,
CH), 7.91/8.25 (2H, s, CH); *C NMR dc; 101.6/102.1 (CH), 105.2/106.1, 110.0/110.2 (CH),
121.8 (C), 127.5 (CH), 128.4/128.6 (CHx2), 129.7/129.8 (CHx2), 139.2, 142.4, 149.0, 149.4
(C), 149.6/150.5 (CH), 168.2 (C); IR 2980, 1768, 1734, 1610, 917 cm™.

6-Methylphenanthridine 142.%

From 1-(biphenyl-2-yl)ethanone dioxime oxalate (100 mg, 0.2 mmol), as described for 124.
Yellow crystals 59 mg, 73 %; mp 81-83 °C. *H NMR (400 MHz, CDCls), dy; 3.02 (3H, s,
CHy), 7.57-7.76 (3H, m, CH), 7.79-7.85 (1H, m, CH), 8.11 (1H, dd, J = 8.1, 1.1 Hz, CH),
8.19 (1H, d, J = 8.2 Hz, CH), 8.51 (1H, d, J = 8.1 Hz, CH), 8.59 (1H, d, J = 8.1 Hz, CH); *C
NMR dc; 23.3 (CH3), 122.0, 122.3 (CH), 123.8, 125.9 (C), 126.3, 126.5, 127.3, 128.6, 129.4,
130.5 (CH), 132.5, 143.7, 158.9 (C).

6-Phenylphenanthridine 1433

From biphenyl-2-yl(phenyl)methanone dioxime oxalate (100 mg, 0.17 mmol), as described
for 124. Yellow crystals 50 mg, 59 %; mp 104-106 °C. *H NMR (400 MHz, CDCls), dy;
7.50-7.80 (8H, m, CH), 7.88 (1H, ddd, J = 8.3, 7.0, 1.3 Hz, CH), 8.11 (1H, dd, J = 8.3, 1.3
Hz, CH), 8.26 (1H, dd, J = 8.0, 1.6 Hz, CH), 8.64 (1H, d, J = 8.0 Hz, CH), 8.72 (1H, d, J =
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8.3 Hz, CH); ®°C NMR J¢; 121.9, 122.2 (CH), 123.7, 125.2 (C), 126.9, 127.1, 128.4, 128.7,
128.8, 128.9 (CH), 129.7 (CHx2), 130.2 (CH), 130.5 (CHx2), 133.4, 139.8, 143.8, 161.4 (C).

[1,3] Dioxolo[4,5-]]phenanthridine (trisphaeridine) 144.%

From 6-phenylbenzo[d][1,3]dioxole-5-carbal dehyde dioxime oxaate (100 mg, 0.186 mmoal),
as described for 124. Yellow solid 49 mg, 59 %; mp 144-146 °C; 'H NMR (400 MHz,
CDCl3), di; 6.00 (2H, s, CHy), 7.33 (1H, s, CH), 7.62 (1H, td, J = 7.5, 1.5, CH), 7.62 (1H, td,
J=75,1.2Hz, CH), 7.91 (1H, s, CH), 8.13 (1H, dd, J = 7.4, 1.2 Hz, CH), 8.37 (1H, dd, J =
8.4, 1.2 Hz, CH), 9.08 (1H, s, CH); *C NMR d¢; 99.9 (CH), 101.9 (CH,), 105.5, 122.0 (CH),
123.0, 124.3 (C), 126.7, 128.0, 130.0 (CH), 130.3, 144.0, 148.2, 151.5 (C), 151.7 (CH); IR
2904, 1620, 1580, 1498, 1464 cm™; HRMS (CI*) calcd for Ci4H1oNO,; 224.0712. Found:
224.0712.
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X Ray data of 2-phenylnicotinaldehyde O-phenyl oxime.

Tablel. Crystal dataand structurerefinement for 171 (Chapter 2).

Identification code
Empirical formula
Formulaweight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume
Z

Density (calculated)

Absorption coefficient

F(000)

Crystal size

Thetarange for data collection
Index ranges

Reflections collected
Independent reflections

Compl eteness to theta = 25.00°
Absorption correction

Max. and min. transmission

Refinement method

Data/ restraints/ parameters
Goodness-of-fit on F2

Final R indices[I1>2sigma(l)]
R indices (al data)

Largest diff. peak and hole

171

C18H14N2 0O

274.31

93(2) K

0.71073 A

Orthorhombic

Pbca

a=10.049(6) A o = 90°.
b=7.401(4) A B = 90°.
c=138.972(9) A ¥ =90°.
2899(2) A3

8

1.257 Mg/m3

0.079 mm-1
1152

0.1500 x 0.0500 x 0.0500 mm3

2.09 to 25.50°.

-12<:h<:11, -8<:k<:8, -47<=1<=43
24359

2681 [R(int) = 0.1742]

99.6 %

Multiscan

1.0000 and 0.9666

Full-matrix | east-squares on F2
2681/0/191

1.287
R1=0.0961, wR2 = 0.2553
R1=0.1091, wR2 = 0.2616

0.282 and -0.301 e A-3
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Table 2. Atomic coordinates (x 10%) and U(eq) for 171 (Chapter 2).

C(1)
C(2)
c(3)
C(4)
N(5)
C(6)
c(7)
Cc(8)
C(9)
C(10)
C(11)
C(12)
C(13)
N(13)
0(13)
C(14)
C(15)
C(16)
C(17)
C(18)
C(19)

X
7507(3)
8652(3)
8542(3)
7282(3)
6166(2)
6264(3)
4982(3)
3939(3)
2732(3)
2543(3)
3568(3)
4788(3)
7621(3)
8604(3)
8558(2)
9578(3)
9721(3)

10711(4)
11556(4)
11399(3)
10402(3)

y
1014(4)
1426(4)
2101(4)
2332(4)
1951(3)
1320(4)

955(4)
200(4)
-152(4)
268(5)
1035(4)
1376(4)
227(4)
718(4)
-255(3)
235(5)
-876(5)
-535(6)
909(6)
2036(5)
1721(5)

VA
767(1)
580(1)
253(1)
121(1)
291(1)
611(1)
789(1)
602(1)
761(1)

1101(2)
1287(1)
1132(1)
1112(1)
1299(1)
1612(1)
1833(1)
2114(1)
2350(1)
2305(1)
2025(1)
1787(1)

Table3. Bond lengths[A] and angles[°] for 171 (Chapter 2).

C(1)-C(2)
C(1)-C(6)
C(1)-C(13)
C(2)-C(3)
C(2)-H(2A)
C(3)-C(4)
C(3)-H(3A)
C(4-N(5)
C(4)-H(4A)
N(5)-C(6)
C(6)-C(7)
C(7)-C(12)
C(7)-C(8)
C(8)-C(9)
C(8)-H(8A)
C(9)-C(10)
C(9)-H(9A)
C(10)-C(11)
C(10)-H(10A)

1.396(4)
1.409(4)
1.469(4)
1.373(4)
0.95
1.377(4)
0.95
1.332(4)
0.95
1.335(4)
1.488(4)
1.385(4)
1.394(4)
1.386(4)
0.95
1.374(5)
0.95
1.382(5)
0.95

C(11)-C(12)
C(11)-H(11A)
C(12)-H(12A)
C(13)-N(13)
C(13)-H(13A)
N(13)-0(13)
O(13)-C(14)
C(14)-C(15)
C(14)-C(19)
C(15)-C(16)
C(15)-H(15A)
C(16)-C(17)
C(16)-H(16A)
C(17)-C(18)
C(17)-H(17A)
C(18)-C(19)
C(18)-H(18A)
C(19)-H(19A)

U(eq)
33(1)
39(1)
38(1)
37(2)
36(1)
34(1)
35(1)
39(1)
42(1)
43(1)
43(1)
38(1)
36(1)
38(1)
43(1)
41(2)
47(2)
54(1)
51(1)
49(1)
43(1)

1.392(4)
0.95
0.95
1.280(4)
0.95
1.418(3)
1.386(4)
1.376(5)
1.388(5)
1.378(5)
0.95
1.376(6)
0.95
1.382(5)
0.95
1.387(5)
0.95
0.95
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C(2)-C(1)-C(6) 118.0(3) C(10)-C(11)-H(11A) 120
C(2)-C(1)-C(13) 120.0(3) C(12)-C(11)-H(11A) 120
C(6)-C(1)-C(13) 121.9(3) C(7)-C(12)-C(11) 120.2(3)
C(3)-C(2)-C(1) 119.8(3) C(7)-C(12)-H(12A)  119.9
C(3)-C(2)-H(2A) 120.1 C(11)-C(12)-H(12A)  119.9
C(1)-C(2)-H(2A) 120.1 N(13)-C(13)-C(1) 117.9(3)
C(2)-C(3)-C(4) 117.8(3) N(13)-C(13)-H(13A) 121.1
C(2)-C(3)-H(3A) 121.1 C(1)-C(13)-H(13A) 1211
C(4)-C(3)-H(3A) 121.1 C(13)-N(13)-O(13)  108.7(2)
N(5)-C(4)-C(3) 124.2(3) C(14)-0(13)-N(13)  112.1(2)
N(5)-C(4)-H(4A) 117.9 C(15)-C(14)-0(13)  114.5(3)
C(3)-C(4)-H(4A) 117.9 C(15)-C(14)-C(19)  120.9(3)
C(4)-N(5)-C(6) 118.4(3) O(13)-C(14)-C(19)  124.6(3)
N(5)-C(6)-C(1) 121.7(3) C(14)-C(15)-C(16)  119.8(4)
N(5)-C(6)-C(7) 115.8(3) C(14)-C(15)-H(15A)  120.1
C(1)-C(6)-C(7) 122.5(3) C(16)-C(15)-H(15A)  120.1
C(12)-C(7)-C(8) 119.3(3) C(17)-C(16)-C(15)  120.3(4)
C(12)-C(7)-C(6) 122.0(3) C(17)-C(16)-H(16A)  119.9
C(8)-C(7)-C(6) 118.7(3) C(15)-C(16)-H(16A)  119.9
C(9)-C(8)-C(7) 120.0(3) C(16)-C(17)-C(18)  119.8(3)
C(9)-C(8)-H(8A) 120 C(16)-C(17)-H(17A)  120.1
C(7)-C(8)-H(8A) 120 C(18)-C(17)-H(17A)  120.1
C(10)-C(9)-C(8) 120.6(3) C(17)-C(18)-C(19)  120.7(4)
C(10)-C(9)-H(9A)  119.7 C(17)-C(18)-H(18A)  119.7
C(8)-C(9)-H(9A) 119.7 C(19)-C(18)-H(18A)  119.7
C(9)-C(10)-C(11) 119.8(3) C(18)-C(19)-C(14)  1185(3)
C(9)-C(10)-H(10A)  120.1 C(18)-C(19)-H(19A)  120.7
C(11)-C(10)-H(10A)  120.1 C(14)-C(19)-H(19A)  120.7

C(10)-C(11)-C(12) 120.1(3)
Table4. Torsion angles[°] for 171 (Chapter 2).

C(6)-C(1)-C(2)-C(3) -0.3(5) C(9)-C(10)-C(11)-C(12)  -0.2(5)
C(13)-C(1)-C(2)-C(3)  177.6(3) C(8)-C(7)-C(12)-C(11) 0.4(5)
C(1)-C(2)-C(3)-C(4) -0.4(5) C(6)-C(7)-C(12)-C(11) 179.1(3)
C(2)-C(3)-C(4)-N(5)  0.3(5) C(10)-C(11)-C(12)-C(7)  0.3(5)
C(3)-C(4)-N(5)-C(6)  0.7(5) C(2)-C(1)-C(13)-N(13) 33.9(4)
C(4)-N(5)-C(6)-C(1)  -1.5(4) C(6)-C(1)-C(13)-N(13) -148.2(3)
C(4)-N(5)-C(6)-C(7) 178.8(3) C(1)-C(13)-N(13)-0(13)  -177.4(2)
C(2)-C(1)-C(6)-N(5) 1.3(5) C(13)-N(13)-O(13)-C(14)  -178.6(3)
C(13)-C(1)-C(6)-N(5)  -176.6(3) N(13)-O(13)-C(14)-C(15)  -169.3(3)
C(2)-C(1)-C(6)-C(7) -179.0(3) N(13)-O(13)-C(14)-C(19)  11.4(4)
C(13)-C(1)-C(6)-C(7)  3.1(5) O(13)-C(14)-C(15)-C(16)  179.4(3)
N(5)-C(6)-C(7)-C(12)  -139.6(3) C(19)-C(14)-C(15)-C(16)  -1.3(5)
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C(1)-C(6)-C(7)-C(12)
N(5)-C(6)-C(7)-C(8)
C(1)-C(6)-C(7)-C(8)
C(12)-C(7)-C(8)-C(9)
C(6)-C(7)-C(8)-C(9)
C(7)-C(8)-C(9)-C(10)
C(8)-C(9)-C(10)-C(11)

40.8(4)
39.2(4)
-140.5(3)
-1.1(5)
-179.9(3)
1.2(5)
-0.5(5)

C(14)-C(15)-C(16)-C(17)
C(15)-C(16)-C(17)-C(18)
C(16)-C(17)-C(18)-C(19)
C(17)-C(18)-C(19)-C(14)
C(15)-C(14)-C(19)-C(18)
O(13)-C(14)-C(19)-C(18)

0.0(6)
0.8(6)
-0.3(5)
-1.0(5)
1.8(5)
-179.0(3)
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X Ray data of 2,2-Dimethyl-1-phenylpent-4-en-1-one oxime.

Tablel. Crystal dataand structurerefinement for 75 (Chapter 4).

Identification code
Empirical formula
Formulaweight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume
Z

Density (calcul ated)

Absorption coefficient

F(000)

Crystal size

Thetarange for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.00°
Absorption correction

Max. and min. transmission

Refinement method

Data/ restraints / parameters
Goodness-of-fit on F2

Final R indices[1>2sigma(l)]
R indices (all data)

Largest diff. peak and hole

75

C13H17N O

203.28

93(2) K

0.71073 A

Monoclinic

P2(1)/n

a=7.699(7) A o= 90°.
b = 6.489(6) A B=90°.

c=24.188(13) A v = 90°.

1194.1(17) A3
4

1.131 Mg/m3

0.071 mm-1
440

0.3000 x 0.1000 x 0.0100 mm3
2.68 to 25.30°.

-7<=h<=9, -7<=k<=7, -29<=I<=18

6348

2118 [R(int) = 0.1303]
98.1 %

Multiscan

1.0000 and 0.9884

Full-matrix | east-squares on F2
2118/0/ 137

1.152

R1 = 0.1500, wR2 = 0.3699
R1=0.2611, wR2 = 0.4610

0.412 and -0.515 e A-3
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Table 2. Crystal data and structurerefinement for 74 (Chapter 4).

C(1)
C(2)
C(3)
C(4)
C(5)
C(6)
C(7)
N(7)
Oo(7)
C(8)
C(9)
C(10)
C(11)
C(12)
C(13)

X
699(9)
1163(9)
2439(10)
3262(11)
2865(11)
1623(10)
-655(8)
-355(6)
1496(5)
-2603(9)
-2769(10)
-2423(13)
-2760(20)
-3124(10)
-3762(9)

y
4076(11)

6090(10)
7239(12)
6513(13)
4549(14)
3332(10)
2866(10)
1520(8)
1450(6)
3142(10)
2718(13)
585(15)
-390(20)
5401(11)
1715(12)

Table3. Bond lengths[A] and angles[°] for 75 (Chapter 4).

C(1)-C(2)
C(1)-C(6)
C(1)-C(13)
C(2)-C(3)
C(2)-H(2A)
C(3)-C(4)
C(3)-H(3A)
C(4)-N(5)
C(4)-H(4A)
N(5)-C(6)
C(6)-C(7)
C(7)-C(12)
C(7)-C(8)
C(8)-C(9)
C(8)-H(8A)
C(9)-C(10)
C(9)-H(9A)
C(10)-C(11)
C(10)-H(10A)

C(2)-C(1)-C(6)

C(2)-C(1)-C(13)
C(6)-C(1)-C(13)

C(3)-C(2)-C(1)

C(3)-C(2)-H(2A)

1.396(4)
1.409(4)
1.469(4)
1.373(4)
0.95
1.377(4)
0.95
1.332(4)
0.95
1.335(4)
1.488(4)
1.385(4)
1.394(4)
1.386(4)
0.95
1.374(5)
0.95
1.382(5)
0.95

118.0(3)
120.0(3)
121.9(3)
119.8(3)
120.1

z U(eq)
6140(3) 73(2)
5975(3) 76(2)
6313(4) 86(2)
6801(4) 93(2)
6976(3) 91(2)
6646(3) 77(2)
5803(3) 66(2)
5417(2) 73(2)
5388(2) 77(2)
5869(3) 75(2)
6491(3) 95(2)
6665(4) 121(3)
7032(5) 207(7)
5738(4) 99(3)
5482(4) 97(3)
C(11)-C(12) 1.392(4)
C(11)-H(11A) 0.95
C(12)-H(12A) 0.95
C(13)-N(13) 1.280(4)
C(13)-H(13A) 0.95
N(13)-O(13) 1.418(3)
O(13)-C(14) 1.386(4)
C(14)-C(15) 1.376(5)
C(14)-C(19) 1.388(5)
C(15)-C(16) 1.378(5)
C(15)-H(15A) 0.95
C(16)-C(17) 1.376(6)
C(16)-H(16A) 0.95
C(17)-C(18) 1.382(5)
C(17)-H(17A) 0.95
C(18)-C(19) 1.387(5)
C(18)-H(18A) 0.95
C(19)-H(19A) 0.95
C(10)-C(11)-H(11A) 120
C(12)-C(11)-H(11A) 120
C(7)-C(12)-C(11) 120.2(3)
C(7)-C(12)-H(12A)  119.9
C(11)-C(12)-H(12A)  119.9
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C(1)-C(2)-H(2A)
C(2)-C(3)-C(4)
C(2)-C(3)-H(3A)
C(4)-C(3)-H(3A)
N(5)-C(4)-C(3)
N(5)-C(4)-H(4A)
C(3)-C(4)-H(4A)
C(4)-N(5)-C(6)
N(5)-C(6)-C(2)
N(5)-C(6)-C(7)
C(1)-C(6)-C(7)
C(12)-C(7)-C(8)
C(12)-C(7)-C(6)
C(8)-C(7)-C(6)
C(9)-C(8)-C(7)
C(9)-C(8)-H(8A)
C(7)-C(8)-H(8A)
C(10)-C(9)-C(8)
C(10)-C(9)-H(9A)
C(8)-C(9)-H(9A)
C(9)-C(10)-C(11)
C(9)-C(10)-H(10A)
C(11)-C(10)-
H(10A)
C(10)-C(11)-C(12)

Table4. Torsion angles[°] for 75 (Chapter 4).

C(6)-C(1)-C(2)-C(3)
C(7)-C(1)-C(2)-C(3)
C(1)-C(2)-C(3)-C(4)
C(2)-C(3)-C(4)-C(5)
C(3)-C(4)-C(5)-C(6)
C(4)-C(5)-C(6)-C(1)
C(2)-C(1)-C(6)-C(5)
C(7)-C(1)-C(6)-C(5)
C(6)-C(1)-C(7)-N(7)
C(2)-C(D)-C(7)-N(7)
C(6)-C(1)-C(7)-C(8)
C(2)-C(1)-C(7)-C(8)

117.8(3)

124.2(3)

118.4(3)
121.7(3)
115.8(3)
122.5(3)
119.3(3)
122.0(3)
118.7(3)
120.0(3)

120.6(3)

119.8(3)

120.1(3)

-1.5(9)
178.6(6)
-0.5(11)
1.1(12)
0.3(11)
-2.3(10)
2.8(9)
-177.2(6)
-87.4(8)
92.6(8)
94.2(7)
-85.8(7)

N(13)-C(13)-C(1)
N(13)-C(13)-H(13A) 1211
C(1)-C(13)-H(13A) 1211

C(13)-N(13)-0(13)  108.7(2)
C(14)-0(13)-N(13)  112.1(2)
C(15)-C(14)-0(13)  114.5(3)
C(15)-C(14)-C(19)  120.9(3)
O(13)-C(14)-C(19)  124.6(3)
C(14)-C(15)-C(16)  119.8(4)

C(14)-C(15)-H(15A)  120.1
C(16)-C(15)-H(15A)  120.1
C(17)-C(16)-C(15)
C(17)-C(16)-H(16A)  119.9
C(15)-C(16)-H(16A)  119.9
C(16)-C(17)-C(18)
C(16)-C(17)-H(17A)  120.1
C(18)-C(17)-H(17A)  120.1
C(17)-C(18)-C(19)
C(17)-C(18)-H(18A)  119.7
C(19)-C(18)-H(18A)  119.7
C(18)-C(19)-C(14)
C(18)-C(19)-H(19A)  120.7

C(14)-C(19)-H(19A)  120.7

C(1)-C(7)-N(7)-O(7)
C(8)-C(7)-N(7)-O(7)
N(7)-C(7)-C(8)-C(13)
C(1)-C(7)-C(8)-C(13)
N(7)-C(7)-C(8)-C(12)
C(1)-C(7)-C(8)-C(12)
N(7)-C(7)-C(8)-C(9)
C(1)-C(7)-C(8)-C(9)
C(13)-C(8)-C(9)-C(10)
C(12)-C(8)-C(9)-C(10)
C(7)-C(8)-C(9)-C(10)
C(8)-C(9)-C(10)-C(11)

117.9(3)

120.3(4)

119.8(3)

120.7(4)

118.5(3)

0.0(8)
178.5(5)
2.1(8)
-179.4(6)
-119.0(7)
59.5(8)
124.2(6)
-57.2(8)
55.0(9)
176.2(7)
-66.8(8)
-160.9(15)
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