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Abstract

The [2+2] photocycloaddition is a powerful but ungeed synthetic route to
cyclobutanes. The underuse of this reaction can f@m unreliable yields, which can,
in part, be attributed to secondary photoreactaribe desired product. The first part of
this thesis describes investigations into new nuthof trapping out primary
photoproducts before secondary photoreactions ak@ place. Lithium borohydride
was demonstrated as a successful trapping agentramolecular [2+2] enone-olefin
photocycloadditions. Eight ketone products from {2e-2] photocycloaddition of
vinylogous esters were trapped as their analoglmaha@ls, in moderate to good yields
(27-83%). Without the conditions, the ketones walleafforded in lower yields (O-
50%). This is the first example of the additionaofeducing agent to trap out products
during the [2+2] photocycloaddition. Initial invegitions into other trapping agents and

trapping the products from other [2+2] photocyclditidns are discussed.

Selective modification of proteins is a sought aft@al in chemical biology. The
second part of this thesis describes the use ahdmwaleimide to selectively and
reversibly label cysteine in small molecule sulissas thiomaleimides. Addition of a
second thiol to the thiomaleimides can afford aisliccinimides, or addition of three
equivalents of potassium carbonate in methanol aiford dehydroalanine motifs.
Cysteine can be added to dibromomaleimide to affordmothiomaleimides and
dithiomaleimides. The thiomaleimides are photoactiand can be quantitatively
dimerised to head-to-headhns adducts, or conjugated with a variety of olefingl an
alkynes. The regio- and diastereochemical outcoofighese reactions are discussed.
The cyclobutanes thus formed render the modificativeversible to reductive
conditions. The absorptions of thiomaleimides aimirt suitability for protein
modification are considered very useful (>360 n®)[2+2] photocycloaddition of
styrene to RNAP sub-unit H was successful with goonversions, demonstrating the

first use of this reaction to modify proteins.
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1. Introduction

1.i. Introduction to the [2+2] photocycloaddition

The first documented photocycloaddition was obsgryg Ciamician and Silb&? in
1908, who left carvone on the roof in Rome in dirgaenlight for a period of months.
Possessing both an enone and an alkene functignaditvonel converted to carvone
camphor2 (structure confirmed in 1987 Scheme 1 (a) Shortly after Ciamician’s
description of the [2+2] intramolecular photocyalddion of carvone, Paterno and co-
workers disclosed the first example of a [2+2] plegtloaddition of an aldehyd#to

an alkenet to give an oxetané, Scheme 1 (h)

(e}
Italian
= —/ O sunlight (]
()

Carvone Carvone camphor
1 2
(0] (0]
(b) @AH - I o™
3 4 5
Scheme 1

From these first stepping stones, a vast numbgt+#] photocycloadditions have been
developed, involving heteroatoms as well as carboentres. The [2+2]
photocycloaddition can involve the reaction of aga of double bond motifs. For
example, a variety of enones can react with alkém@soduce cyclobutanes,g.6 and
7.% 7 thiocarbonyls and alkenes will undergo the [2+Bptpcycloaddition to afford
thietanese.g.8,2 and the reaction of oxadiazoles and furans cavigeazetidinese.g.

9.2 An illustrative set of examples of these reactisnshown inScheme2.
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Before reviewing the literature further on [2+2]gpbcycloadditions, the fundamentals

behind photochemistry will be discussed.

1.i.i. Fundamentals of photochemistry

Absorption of a photon by an organic molecule affoan electronically excited state.
The excited molecule is a species whose electromsmmanged in way that is not the

lowest energy conformatiofjgure 1.

Energy

e
te
(@) (b)

Figure 1: Stylized molecular orbital diagram for amolecule, showing some of the

orbitals and their occupancy in (a) the ground stat and in (b) the excited state
Once a molecule is excited, the fate of the exo#ledtron can result in a number of

different processes that can be divided into twegaries, namely non-radiative and

radiative processes.
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Non-radiative decay processes involve conversioong electronic state into another
without emission of light (depicted by wavy lines the Jablonski diagrarfigure 2).
They can be further divided into two types accaogdio whether or not there is an
overall change in spin multiplicity during the pess. If no spin change occurs, the
transition is ‘spin allowed’, and the non-radiatipecess is called internal conversion
(IC). This is the means by which higher excitedgkeh states decay to the lowest
excited singlet states prior to further photocheahicaction,Figure 2. Similarly,
higher excited triplet states decay to their loveeatited triplet state by IGigure 2. IC
can also occur from the lowest excited singletestatthe ground singlet state. When
non-radiative decay involves a change in spin mlidity it is called intersystem
crossing (ISC) and is ‘spin forbidden’. ISC can went the lowest excited triplet state to
the ground state or it can convert the lowest ercglinglet state to the lowest excited
triplet state Figure 2. The latter example is important in that it pra@sdhe means by
which many triplet states are produced prior to sp@rescence or photochemical
reaction. An additional non-radiative transition v#rational relaxation, where the
electron falls from higher vibrational states tovéw vibrational states within one

electronically excited stat&jgure 2.

During radiative processes (depicted by straigigdion the Jablonski diagrafigure

2) a photon is emitted. When an excited singleiestd where x# 0) emits a photon,
the state is normally converted to the singlet gtbstate (§. Such a radiative process,
when there is no overall change of spin, is callerescenceFigure 2. Most
commonly it is the lowest excited singlet state i lowest vibrational level) whose
emission is observed, regardless of which singée ss formed initially by absorption,
this is known as Kasha’s RuléIn phosphorescence, the spin multiplicity of thecies
changes. Almost all phosphorescence in organic oomgs originates from the lowest
excited triplet state collapsing to the singletugrd stateFigure 2. This process is ‘spin
forbidden’, thus, phosphorescence generally has aasociated lifetime that is

considerably longer than for fluorescence.

11
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C f
a - Absorbance
e b - Fluorescence
¢ - Internal conversion (IC)
d - Vibrational relaxation

¥ V e - Intersystem crossing (ISC )
So f - Phosphoresence

Figure 2: Jablonski diagram

As there are a number of competing processes ttair @after the electron has been
excited, not all absorptions lead to the eventwaimftion of a new product. The
efficiency with which absorbed radiation causesompound to undergo a specified
photochemical process can be expressed in teritine @fuantum yieldd§) which, for a

given process, is defined as;

® = Number of molecules of product (of a given pss}eroduced

Number of photons of light absorbed

High quantum yields are desirable for photochenti@aisformations to avoid extended

reaction times.
The altered orbital occupancies in an excited maéecan lead to different reactions

than when a molecule is in its ground state. Fangde, the ground state configuration

of a two electrom-system is shown iRigure 3.

12



LUMO L 8—8 —
HOMO n 8—8 ¢¢

Figure 3: Ground state alkene configuration

The interactions of the highest occupied molecwoldnital (HOMO) and the lowest
unoccupied molecular orbital (LUMO) of twomn2systems lead to anti-bonding

interactions and no reaction takes pldagure 4.

HOMO; 1t LUMO, T

Alkene 1 Alkene 2
ground state ~ ground state

Figure 4: In the ground state, the orbital symmetres do not allow suprafacial

overlap

This outcome is summarized by the simplified Woodiadoffman rules" whereby 4n
electron processes are forbidden to procgaduprafacial overlap in the ground state.
As [2+2] cycloadditions are 4n electron processes (), in the ground state they are
forbidden to proceedia suprafacial overlap and, as the system is toolgmakist into

an antarafacial configuration, there is no reaction

However, [2+2] photocycloadditions are allowed dwoethe reconfiguration of the

HOMO and LUMO of the ground state systems upontation by a photon. When a
photon of the correct wavelength, and thereforeeobrquanta of energy, excites the
system, one electron from the HOMO is excited ih® LUMO, and thus the excited

molecule has a new set of ‘'HOMO’ and ‘LUMO’ moleaubrbitals Figure 5.

13



LUMO ] 8—8 R LUMO" i 8—8
hv
HOMO m 8—8 fy HOMO' 1t 8_8 !

Ground state alkene Excited state alkene

Figure 5: Excitation of an alkene changes the elacinic distribution

The new ‘HOMO’ and ‘LUMO’ have favourable interamtis with the HOMO and
LUMO of another alkene molecule, leading to intdmats that have a lower total
energy than the individual molecules combined. Trteracting molecules can then
undergo suprafacial addition to form a cyclobutamey, Figure 6. The inverted
commas are used here to remind the reader thairk@ls are not the actual HOMO
and LUMO at the time of the reaction, but that thare the HOMO and LUMO before

excitation took place

e P R

,,,,,,,,,,,,,,,, Cyclobutane

Alkene 1 Alkene 2
ground state excited state

Figure 6: Photochemically-mediated cyclobutane formation
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1.i.ii. Photochemical apparatus

To carry out irradiations, photochemical apparahas been largely standardised,
although there are some variations between laboeatd’ he equipment usually consists
of a reaction solution, a light source, and if rss@ey, a source of cooling. Light sources
in photochemistry have moved on considerably frbm use of ‘italian sunlight’ on a
roof in Rome. The more reproducible, if less exopproach now encompasses a
variety of mercury discharge lamps. Different intdr pressure lamps emit different
spectral output. The most commonly used lamp isntedium pressure mercury lamp
with a spectral output between around 240 nm to 800 The output is not uniform
across this range and there are key ‘spikes’ oftsglepower, particularly at 365 nm,
405 nm and 436 nnfigure 7.%2

0.08
0.08 |

0.04 | 2

Spectral Intensity [Wisrinm/1000cd]

0.02F

] = : i i —L J
300 400 500 600 700 800
Wavelength (nm)

Figure 7: Spectral output from a medium pressure meeury discharge lamp*?

Lasers are also used in photochemical resédmspecially for time-resolved studies as
they provide a very fine wavelength and distinatdicontrol, but reactions can only be
carried out on a very small scale and they do nmtige a realistic choice for synthetic
photochemistry.

An immersion well reactor is amongst the most comrtype of reactor employed in
photochemistry and was used in the work reportetiigithesis. In the immersion well
reactor, the lamp is partitioned from the reactsmtution via a water-wellfFigure 8.

This ‘well’ serves two functions - it keeps the ¢gan solution cool, as the lamp can

reach temperatures in excess of 900 and it also acts as a filter. The choice of glas

15



for the well will usually determine the lower cuf-ef the range of light that the
reaction is subjected to. For mercury lamps, typidhe glass is Pyrékwith a cut off
of around 280 nm, whilst a quartz well is mostignsparent allowing practically all of
the emitted light to reach the reaction solutioard® uranium and Vyc8rglass filters
cut out wavelengths below 350 nm and 230 nm resadgt Although there are a vast
number of types of glass available, there is lichithoice of water-wells made out of

these glasses.

Secondary to the glass-based filter is the solutitar, whereby the solution in the well
acts as a filter. Solution filters can be usedadiroad range of cut-offs, they can range
from 1.5% wi/v aqueous copper sulfate with a cutasffund 290 nm all the way up to
0.2% w/v aqueous rhodamine B which blocks out wawgths below 620 nrif.
However, for photochemical synthesis, the use hitem filters is not straightforward,
due to the fact that the solution serves as a nbawell as a filter and must therefore

be pumped from a chilled reservoir.

supply

nitrogen bubblar

outar quanz

mediam prassure premitir

tamp

nnar and outer —
quartz jackets

TS
|
i bl
for water cooling \

stopeock (optional) q a;j__Cl
]

Figure 8 : Standard photochemical apparatu$®

The reaction vessel is sealed to allow an inerttgase bubbled through the reaction
solution, removing a large proportion of dissolv@d/gen from the solution prior to
irradiation. This attenuates a major degradatiamvpay, which is the reaction of the

substrate with highly reactive singlet oxygen tioains upon irradiation. This process is

16



referred to as ‘degassing’; it is usually carried loefore the irradiation event but can be

continuously employed if stringent removal of oxyde required.

Recently, there have been some developments indt@mistries for photochemistt¥.

" These allow the photochemist to irradiate sampleslowing the reaction solution
past or around a light source. Residence timederefore defined by flow rate, and the
wavelength used to irradiate the substrate is cheniaed by the light source and the

filtering properties of the tubing used.

Solvents for UV irradiation should be chosen wittnec Water, alkanes and acetonitrile
are transparent and usually unreactive to elecadigiexcited substrates. Alcohols and
ethers are mostly transparent but can form reacikexy radicals and halogenated

solvents run the risk of forming halide radicalglie course of the reactidh.

Sensitizers can be used when the substrate cacha@va the correct energy state
required for a particular reactiama irradiation on its own. For example, although many
reactions take place from the triplet state, nétnablecules can undergo efficient
singlet-triplet intersystem crossing as the eng@y is too largerigure 9. When this is
the case, a triplet sensitizer is used. This iokcoule that undergoes facile intersystem
crossing, as the energy gap between the two statsall, and it can then confer this

triplet energy to another molecukggure 9.

S
1 r
Large gap
Small gap inhibits direct
favours ISC ISC

Triplet-triplet

> E energy transfer
E Tl — mmm’;
T1

So

\ \
Triplet sensitizer Substrate

Figure 9: Energy level diagram for typical energy tansfer between a triplet

sensitizer and a substrate
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Conversely, an excited molecule can also be quehdhteraction between a molecule
in its excited state, A*EqQ. 1, and a molecule in its ground state, Q, can lead t
deactivation of the electronically excited statel generation of the excited state of the

other moleculekEg. 1. This phenomenon is known as quenching.

Eq. 1 A* + Q -~ Q@+ A

Selective quenching can remove an unwanted reapatinvay from a photochemical
transformation when there is more than one exdtate possible, leading to more than
one outcome. For example, Figure 10, the singlet or triplet excited state of a
substrate transfers its energy to the quencheaarto the quencher’'s own excited states.
Thus, the substrate is prevented from reactingutiiroits own triplet state. This is
particularly useful in inhibiting unwanted triplstate reactions in the presence of a

desired singlet state reaction

S]ﬂ
431\%\“1
T1
. So— So
Substrate Triplet quencher

Figure 10: Energy level diagram for a typical energ transfer between a substrate

and a triplet quencher

1.i.iii. [2+2] Photocycloaddition of enones

One of the most common [2+2] photocycloadditionsested involves an enone as the
chromophoric alkene. The range of reactions thauioevith the enone system are
thought to be largely due to the formation of the>nt* singlet state (§ followed by

efficient intersystem crossing (ISC) to the-nn* andn — =* triplet states (T, T, etc),

18



illustrated by the simplified Jablonski diagram asiductures inFigure 11 Other
transitions are possible, but only those involvedhie singlet to triplet transitions are
shown for clarity. These excitations are possiblee do the n-bonding electrons
available from the oxygen lone pair of the carbargup*®

el
AN S

%n #n +n n
*Hiﬂ *Hﬁn 4{#“ in

(So) N> 1iJs,) N—> (T > iy,
Singlet First excited The triplet state generated may be n,mt
ground state singlet state or 1,7 depending on the system

Figure 11: Simplified Jablonski diagram of the exdied states of an enone system

Once excited, the enone can lose energy and cellagsk to the ground stave IC,
which is very efficient ifcigtrans isomerisation is possible. However, if the enamne i
held in a small cyclic system, such as a cyclop®nrte or cyclohexenone there is little
opportunity to expend the absorbed enerigycis/transisomerism of the double bottd
and intersystem crossing becomes rapid and giasonable quantum efficiencies for

photoaddition.

As discussed, when ground state enb@és photochemically excited, the singlet state
enonellis formed, whereby intersystem crossing can ta&eepto the triplet enonk2,
Scheme 3 This can then lead to the formation of a tripketciplex’ 13 between the
enone and an olefiif:>®> An exciplex merely describes a complex of an extistate
molecule with a reaction partner, usually alignedoading to new dipoles formed from
excitation?® The exciplex has not been directly observed, lutlze implied from the
regioselectivity of certain intermolecular photolmadditions and explains why the
photocycloaddition can be much faster than ‘statidadical additions to olefin&: 2*
The exciplex formed can collapse to a 1,4-diradicedugh bond formation at the, Gr

Cp of the enone and ultimately lead to the cyclobutafid. Relaxation back to the

19



ground state enon®0 can occur (or theis/transisomer in the case of straight chain
enone®) at several stages of this transformation. Howewece the cyclobutan® is
formed it cannot undergo photochemical reversidmer&fore, whilst there are many
reversible intermediate steps to this processpveeall reaction is irreversibl&cheme

3.

l 3* *
i 0 iy 0
hv \
5 5 sy — (L
| e
o- o+
10 11 12 13
Enone 1[Enone]* 3[Enone]* 3[Enone-----Olefin]*
t i i i i
— el e e T
14
3[1,4-Diradical]* 1[1,4-Diradical]* Cyclobutane
Scheme 8%

The [2+2] addition of an enone with an alkene, epi@ad by Ciamician, remains one
of the most exploited of the photocycloadditionsatural product synthesis due to the

wide range of species that contain the cyclobusyséent® including grandisof! (+)-

and (-)-italicené,and lineatirf® Scheme 4
H
fo=
HO E @

(-)-Grandisol (-)- Italicene (+)-isoitalicene  (+)- Lineatin

Scheme 4

What has often made this reaction attractive tosgmthetic chemist is the formation of
strained and, or, sterically hindered products,ciwhare often difficult targets to access
through ‘standard’ thermochemical means. Furtheenibre subsequent release of ring
strain can drive ensuing reactions to provide frrtiseful scaffolds. For example, the
cyclobutane can be exploited due to its propernsitye used as a reactive intermediate,
as observed in the De Mayo reactfor’ Scheme 5 The initial reaction involves the
[2+2] photocycloaddition of an enolisable 1,3-die 15 with an alkenél6, Scheme 5

20



(a). The newly formed cyclobutank/ contains an alcohol and ketone in the correct
orientation to rearrange and afford 1,5-diketd®& Scheme 5 (a) The initial 1,3-
diketone can be cyclic. For example, the diketose loe part of a six-membered ring
19, Scheme 5 (b) When this is the case the 1,5-dione prod2@t after the [2+2]

cycloaddition and fragmentation, is also cycBicheme 5 (I

H
0.
> Y R
—_— | + E— —
(a) (o) Og o Y 18 o)
A
17
15 16
o} 0 70 0
R
Rl 1 Rl
(b) = e
o OH R> Q(‘) R, Ra
19 H (@]

Scheme 5

The De Mayo fragmentation has been employed towandariety of 7,5 structurds
including lactone24®® from the intermolecular reaction of cyclopentemel @etronate
21, Scheme 6 In this example the photocycloaddition prod@2tis a strained 5,4,5-
ring. The deprotected hydroxyl of cyclobuta2@allows fragmentation of the strained

structure to 7,5-lactona4.

Q HH O HH O H 0
hv T ; :
Qo+ " Cbﬁoi,%o&, CK}
- - pw
MEMO H OMEM H(-OH H

21 22 23 ©
24

Scheme 6

The diverse range of [2+2] enone-olefin photocydttiions in the literature can be
divided into two categories, namely inter- andantplecular variations. Intermolecular
examples of the enone-olefin [2+2] photocycloadditiare quite varie® **>® and
include the formation of complex ring systems andsequent fragmentation products
toward natural products. An example of this is thmtermolecular [2+2]

photocycloaddition of cyclobuters with enone26 to afford 5,4,4,4,5-ring systev,
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which undergoes fragmentation upon heating to 5j8¢ system28. The fragmented
ring 28 was used in studies towards cycloaraneosédeheme 7 (af° The

intermolecular [2+2] photocycloaddition tends tovotve five- and six-membered
enones that are often part of a vinylogous eststeny, affording oxy-substituted
cyclobutanes. Examples of such scaffolds can be ise8cheme 7 (b and(c), where

vinylogous esters29 and 31 undergo photocycloadditions upon irradiation to
cyclobutane80 and32, respectivelyScheme 7 (bjand(c).*%

Et,0, 52%

(68% conversion) 27 28 Cycloaraneosene

X
o ) . Or
o+ @ o)
29 Et,0, 69% o

Ay Oy

DCM, 77%

MEOZ

Scheme 7

The intramolecular variant of the enone-olefin [RpRotocycloaddition has also been
used to form polycycles, similarly starting froormdaoften forming, five- and six-
membered rings.> 2% 3> **Enones have been utilised to form complex strestsuch
as 5,4,6-ring83’ and strained fenestran&4,°® Scheme 8 (a Vinylogous amides are
more common in the intramolecular reaction tharthe intermolecular variant, an
example of their use can be seerstheme 8 (b)where vinylogous amidedb and37
are used to afford amino-substituted cyclobuté8@&and38, respectively. In addition,
the occurrence of enones as vinylogous esters ilis vatlespread and is also
demonstrated in structudd, Scheme 8 (bf® ¢°

22



hv > 350 nm
(0]
hexane 95 %
34

75 min O
100% NH

o)
hv
®) 10h
Pz
N Et,0, 55 %

35 | /

Scheme 8

For intramolecular [2+2] photocycloadditions such these, regioselectivity is quite
high in systems where the two double bonds areexiad by two, three, or four atoms.
Termed the ‘Rules of Five’ by Hammond and Srinive¥a® the observed trend is that
five-membered rings are formed, if possible, frame initial radical addition to the
olefin, if not, then the six-membered ring is fodn&his trend is exemplified by the
work of Matlin et al.*® ** ®3*When enone39 was irradiatedthe strained ‘crossed’
product41 was formedvia initial formation of the five membered ring diradl 40, and
no product from the formation of the six-membered diradical42 was seenScheme

-

Not observed

O 0]

é/(o LN - 65%
15h o
BN

40 41
'Crossed' product

Scheme 9

Many of the photoreactions that occur with alkecess also be carried out with alkynes,
including the addition of an alkyne to an enongitdd a cyclobutené.'® ®**However,
in comparison to the enone-olefin variant, surpghr few syntheses have been
reported utilizing enone-alkyne photocycloadditama route to cyclobutenes. The first
example of the intramolecular enone-alkyne [2+2}tphycloaddition was published as
recently as 1982 by Kofét al towards the synthesis of hibiscone®C® ®where

enone-alkyn@3was converted to tri-cyck4 in a key stepScheme 10
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As discussed, successful examples of the enone@li@+2] photocycloaddition are
less common than the enone-olefin variation, aadgugh, the inter- and intramolecular
variations of this reaction will be discussed tbget Those examples that are in the
literature primarily include the cyclohexenone spst> >* * %®’sych ast5 and 46,
Scheme 1f* ® Interestingly, whilst not completely unknowa7 and 48, Scheme
11,%% % there are far fewer examples with five-membereggieither in the starting
material or forming in the product, than with sixmbered rings. With analogy to the
enone-olefin reaction, the enone motifs in enokgred [2+2] photocycloadditions are

often incorporated as vinylogous esters, suck6and48, Scheme 11
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Scheme 11

1.i.iii.i. Secondary photoreactions in [2+2] photogcloaddition of enones

Whilst [2+2] photocycloadditions are very powerfalites to cyclobutane systems, they
are underused in synthesis. One of the main reagonthis is that many of these
reactions suffer from unpredictable yields. Thesg Vields can often be attributed to
low quantum yields and/or photochemical side-reastithat consume the product as it

is being formed (secondary photoreactions).
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When a low quantum vyield of a phototransformati®raiproblem, the irradiation time
can be extended. However, this is only useful thpeting processes do not form other
products. When other photoprocesses are occurtimygside the desired outcome,
extending the reaction time merely increases tleéd yof by-products and secondary

photoreactions. Such secondary photoreactiondhar®tus of the following work.

During the [2+2] enone-olefin photocycloadditionpneplications can arise from
continued photoactivity of the desired product,alisudue to the chromophoric activity
of the carbonyl in the products. Common photoreastiof carbonyls can include
Norrish cleavages and 1,2- or 1,3- acyl shiftse-1l2 acyl shift is also known as the di-
n-methane rearrangeméfit,® ® Scheme 12 When a carbonyl is retained in the
product of a photochemical reaction, photochemyealédiated reactions such as these
can lead to product degradation. They are ofteresineld and they are usually termed

‘secondary photoreaction®:*" 7

O O
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R, N
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2 1,3-Acyl shift
Scheme 12

Secondary photoreactions are not always reportetediterature as they can lead to

complete degradation of identifiable material. Heere there are some research groups
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that have investigated and identified distinct selewy photoreactions of carbonyl-

containing photoproducts.

Two different research groups have discussed tlophemical formation of esté&l
from a saturated ketone systéin’'the scaffold of which is a recurring motif in [Z+2
enone-olefin photocycloaddition§cheme 13 The enonet9 is irradiated to initially
form ketone50. However, the estésl is isolated upon prolonged irradiation of enone
49, or irradiation of the ketone produsd, in a 3% methanol solution. The eskris
thought to be the result of a Norrish | cleavageketone50, followed by a radical

abstraction process involving the methanolic saiv@oheme 13

i
"hexane i‘% "hexane fg Unidentified \Q\\g
92% (3% MeOH) process

Norrish | cleavage

Observed alongside
unidentified by-products

Scheme 13

In extensive work on the photochemical behaviowin§logous esters, Matlin and co-
worker$? discovered the formation of an aldehyde upon iatésh of hexenon&?2 or
its isolated photoproduct, ketori8, Scheme 14 Whilst the aldehyde was not fully
characterised, this was deemed as evidence ofctherence of Norrish | side reactions
of ketoneb3.

O O - ety

52 54%
Possible structures of
aldehyde from Norrish |
hv cleavage

>280 nm 19%

Scheme 14

Work carried out by Sydnest al”> ®perfectly exemplifies the intermolecular reaction

of cyclopentenones with allyl alcohol, and the eliént outcomes that can be achieved
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when secondary photoreactions are attenuated toieg) Scheme 15By terminating
reactions before the enobd was completely consumed, they isolated the 5,dymts
55 from the [2+2] photocycloaddition (reactions arescribed as containing ‘some’
unchanged enone). By exposing the various photaasido prolonged irradiation, they
could isolate a mixture of Norrish | cleavage pradu56 and 57, or 58 and 59,
depending on the nature of Rcheme 15These products were also identified if the
initial enones54 were irradiated with allyl alcohol for prolonge@rpds of time to
complete consumption of enoBé (10-25 hours).

o 0
@ HO >280 nm
+ RN —_—
— 82-95%
2h ™ °  R=Me,H

94%

>280 nm

Norrish | cleavage

>280 nm
@ T 16h \%AOHZ [:(
va

32% 32% HO

Norrish | cleavage
59

Scheme 15

In addition to the photoactivity of saturated keisnunsaturated ketones are also
photoactive. This has been turned towards a pesitsult by Cavazzat al.®® ™ 7
They have exploited the 1,2-acyl shift of a 1,4aingted system towards a 3-alkyl
tropone. Photochemical reaction of methoxycyclopeohe60 with acetylene affords
cyclobutenesl, Scheme 16Further irradiation forced the cyclobutefieto undergo a
1,2-acyl shift and fragmentation to diend@f Subsequent oxidation and demethylation
of the secondary photoproduct, dienog afforded y-tropolone, Scheme 16°
However, the photochemical transformation of vimgylas este60 to cyclobutenesl,
and thus dienoné2, was only carried out to 19% completion. The reasehind the
deliberately low conversion was thain' excess of enor{60) is needed throughout the

process in order to protect dieno(@2) from phototransformation™
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Further study on an intramolecular variant of thenore-alkyne [2+2]
photocycloaddition afforded a variety of productanf several secondary photoreaction
pathways, Scheme 17 Whilst the initial photoproduct4 is afforded from the
intramolecular addition of the enone &3 to the alkyne tether, the 1,4-unsaturated
system 64 formed can then undergo photoreduction @ a 1,3-acyl shift and
photoreduction to66 and 67, respectively, or a 1,2-acyl shift and subsequent

fragmentation to affor68, *’ Scheme 17

O

o \\ O H o) o)
i an @ @3
L .
MeCN R
63 o
2% 12% 8% 56% 22%
64 65 66 67 68
[2+2] [2+2] and Photo- 1,3-Acyl 66 and Photo-  1,2-Acyl
Photocycloaddition reduction shift reduction shift and

fragmentation

Scheme 17

A variety of [2+2] photocycloadditions in the lisgure are carried out using uranium
glass filters, keeping incident irradiation abov@03nm. The glass is used in the
photocycloadditions of enones.g 69, 70 and71 as well as vinylogous estersg.72,

in intramolecular, intermolecular and dimerisatieactions, with a variety of partners,

26,45, 47, 48, 51, 54, 65, 66, 69, fffy  strated inScheme 18
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Koft et al. explain the use of uranium filters in the irrathatof hexenon&0 by saying
that ‘central to the success of this photolysis was #& af a uranium glass filter to
avoid secondary photochemical decomposition of theultant g,y-unsaturated
ketone® ® |t can therefore be postulated that when uraniilter$ are used, it is to
minimise secondary photochemical reactions of aayboontaining scaffolds.
Unfortunately, uranium glass is in increasingly rsheupply as there is limited

production due to safety considerations relateti¢chandling of uranium compountfs.

It can be seen that filters are sometimes usedibmimmse secondary photoreactions.
However, the close overlap in absorptions of cayboantaining products with that of
enone starting materials often makes finding @rfikuitable for these reactions very
difficult or even impossible. For example, the apsion maxima for cyclopentenone is
at 300 nmM’ whilst cyclopentanone is 304 nththerefore finding a filter that would be

suitable for distinguishing between such compousdmattainable.

Another, commonly employed technique to minimizeduct degradation is to isolate
any formed product(s) prior to the reaction reaghinmpletiori®® 4% 3% % 7% g.when
enones73 and 75 are converted to productst and 76/77 Scheme 192 In the latter

example, the reaction is also carried out withanium glass filterScheme 19

oOm
hv >350 nm éj é:‘
100 h 10d / BE
0% Conversion 60% Conversion -
95% Yield 7% Yield 56% Yield
73 76 77

Scheme 19
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In this manner, the starting material always remane major absorptive component of
the solution, and, as it usually has a higher ekitn coefficient than the product, the
product is effectively shielded from absorption atals decomposition. However,
whilst stopping a reaction at incomplete conversioay be sufficient to study
mechanisms and determine if something new is fagmaynthetically, this is not an
ideal method of arriving at a usable quantity addurct. Halting the reaction prior to
completion also adds the often non-trivial purifioa of the remaining starting material
from the desired product. Currently, there arenaitéd number of resolutions to the

problem of sustained photoreactivity.

Further to the reactions that have been describéug text it is postulated that there are
numerous other unsuccessful reactions that havéoew reported due to secondary

photoreactions completely degrading any identigabhterial.

Analysis of the literature therefore shows thatlsilthe enone-alkene and enone-alkyne
[2+2] photocycloadditions are powerful routes tarfonembered rings, the reactions are
not without their significant difficulties. Fundamtally, such enone-based reactions
retain a chromophore in the product (the carbomylyl further absorption of this
chromophore can lead to photochemically-mediategrattation. Current methods of
preventing this degradation, such as filters andonmplete conversions, are not
generally applicable for synthesis. If the synthefiability of the [2+2] enone-olefin
and the [2+2] enone-alkyne photocycloadditions dduwg increased then the reactions
could, and would, be employed more widely to a aasty of synthetic targets.
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1.ii. Introduction to protein modification

Whilst the synthetic chemist has a vast numbereattions with which to synthesise
small molecules under a variety of conditions, fltgentific community’s ability to
directly modify biomolecules remains relatively Ited. To use the varied ‘tool-box’ of
the synthetic chemist and make reactions appliceblgroteins, peptides, nucleotides
and other biological macromolecules has becomenareasingly prevalent area of
researcii®®’ Modifications can be carried out on a variety afturally occurring
biomolecules including nucleotid&%,®® polymeric sugars or ‘glycang®; ** proteing?
and even whole cell membrarf&s*and antibodie?’ The modification of amino acid-
containing targetse.g proteins and peptides, will be discussed in tixs as it was the

focus of the following work.

The chemical modification of proteins is desiralite mimic endogenous post-

translational modifications like acetylatibn®®and glycosylatiorl’ as well as to impart

exogenous synthetic modifications such as fluorogsid therapeutics® %8 affinity®®: %°

or photoaffinity tags? in addition to tethering molecules of intereststofaces? %3

Figure 12

Polyethylene glycol for therapeutics Fluorophore attachment for tracking

O Quantum dot * Organic fluorophore i Avidin/streptavidin

Figure 12: Modification strategies for bioconjugates
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Proteins are synthesized from twenty natural amawids, each with different
functionalities. For a reaction to be of generaé uis protein modification it must
selectively modify the residue of interest in thhegence of other amino acids contained
in the target protein. This selectivity must alse orne out in conditions that are
conducive to protein stability, such as aqueous imetemperatures not usually
exceeding 37°C and at a pH that is near neutral. In additior, thactions should
tolerate any salts or surfactants that might bedeedor protein stability®* Lastly,
proteins are often available at much lower coneiains than conventional chemistries.
This means that the model reactions must be rapidnwhey are tested at higher
concentrations with small molecules, so that when donditions are transferred to a
protein, full conversions can be achieved in reabtntimes. These requirements result
in a considerable challenge to the biochemist entgbal biologist.

Since selectivity is an integral part of proteindifization, one alternative solution of
note is to incorporate an unnatural amino acid thi target protein, (discussed in
1.ii.ii.) This unnatural amino-acid is designed to conthioorthogonal’ functionality

and thus imparts selectivity to the reactiriThis residue must not perturb the

biological system in any way, other than that idsh

1.ii.i. Modifications of native amino acids

Extensive research into selective reactions fotgmamodifications focusing on native

>§0-82, 84, 85, 105 as

amino acids is underway throughout the biochemisatiet
incorporation of non-native amino acid into a pioterings inherent complications to

the biological system.

For modification of native amino-acids, some resgl@re more easily targeted than
others. For example, owing to their nucleophilesfi’ cysteine and lysine are amongst
the most widely targeted residues as they can heta@ with carefully chosen
electrophiles. Other amino-acids targeted includesinevia aromatic substitutioff’
glutamate and aspartate which can form e&feasp histidine’s tendency to co-ordinate

transition metals has also been utilif&d°°Scheme 20
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The fact that lysine, aspartate and glutamate wesichre present in relatively high
abundance in proteins limits their utility when gl specific modifications are
required. Conversely, cysteine’s relatively low utat abundandd” °® makes the
introduction of a single cystein@ia site directed mutagenesis and subsequent
chemoselective reaction a very effective methoact®ess selectively modified proteins.
Cysteine is therefore increasingly becoming thegafrof choice for protein

modification®? 8" 1%and is the focus of the work described in thig.tex
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Cysteine modification

Methods of cysteine modification are varied, bugréhare a few that have gained more
widespread use. These include oxidation of cystéinéorm disulfides?® ' base-
mediated elimination to dehydroalanine and subsegeenjugate additiof? *%*'and
alkylation via iodoacetamid® 8 ®or Michael acceptors such as maleimitle;*
Scheme 21
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i 0
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Disulfide formation

Disulfides are naturally occurring motifs that halgeen adopted by the scientific
community as a simple method of cysteine modifasatiThe disulfide can be formed
from air oxidation - simply mixing the modifying ith, R-SX, and the cysteine
containing molecul@8 in basic buffers, open to air, will often generdisulfides79,
Scheme 22 This method is used to regenerate folded protegwell as to conjugate
small molecule&§? Disadvantages of this method include long reactiores and a
limited control of the product distributioe.g.mixed disulfidesrersusdimer). To speed
up the conjugation event, the added thiol can eaedvia formation of the sulfenyl

halide”®® **!or methanethiosulfonate reagents can be ®eteme 222
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Disulfide formation has gained popularity becaudeits selectivity and relative
simplicity and recent uses of disulfide conjugatinclude labelling of glycoprotein&

and nanoparticle functionalizatiof:

A feature of disulfides is their reversibility upaeaction with reducing agents. The
newly formed disulfides79 can be cleaved with reducing reagents such as DTT
(dithiothreitol), Scheme 23 (g)or TCEP (tris(2-carboxyethyl)phosphin&¢cheme 23

(b).
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TCEP

However, as with the initial labelling techniquéetuse of such disulfide reducing
agents can lead to undesired mixed disulfides frassociated opening of other

endogenous disulfideScheme 24%**This is known as disulfide ‘scrambling’.
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The reversibility of disulfide labelling has beerpkited as the cysteine-containing
‘cargo’ 80 is released from the disulfid® upon exposure to the reducing conditions of

the cell, which contains up to 5 mM glutathioneS&;*> Scheme 25
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Strategies that exploit the reversibility of theudfide linkage are gaining prevalence
for the study of formation and cleavage of disw@idin protein€* **®and in drug
delivery!* 2" For example, disulfides can be used to conjugatgethylene glycol
(PEG) to liposomes1 to stabilise them to systemic conditions and timisbit the
release of an encapsulated dilgScheme 26 When the liposome reaches its target,
the disulfide is cleaved at a higher rate by lysosloenzymes within the target cells,
and the drug is released by the destabilised lipef? in the targeted regiogcheme
26.127
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If the reversibility is under tight control and diBde scrambling limited, then there are
potential applications for such temporary modifizas with protein targets, ranging
from impermanent blocking of active cysteine res&f@® protein purification;?®
quantitative proteomic analys&$, probing binding site§° enabling structural
studied® and in drug delivery™°

Dehydroalanine formation

Dehydroalanine (Dha) does not belong to the tweatyral amino acids but the residue
is found in nature in several peptide antibiotighere it is formed by post-translational
modification*® 11* 132135The Dha motif is thought to provide rigidity andreactive
site for nucleophilic attack that can be crucial fiological activity>® Synthetically,
Dha residue84 are usually formed from activation and subseqeéntination reaction
of serines83'*? Scheme 27 (g)cysteine§* *?and selenocystein@s, *** 3*Scheme
27 (b).
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Biochemists have exploited the reactivity of Dha bsing the Michael acceptor
properties of the double bond to add in a nucldepifitheir choicé? 112 114115 135 pg
Davis research group, in particular, has carriedextensive research on the useOsf
mesitylenesulfonylhydroxylamine (MSH) to form theh® motif within a protein
structure from a cysteine residue. MSH acts asleatrephilic source of NKHand it is
thought that it doubly labels cysteine residue$oton sulfonium specie85, Scheme
28. They postulate that the Nhb deprotonated by a base to form the Nkht, in turn,
deprotonates the-carbon. The activated sulfur is then eliminateéoton Dha86. They
have subsequently functionalised the Dha modifieastgin with a thiophosphate, a
thiomannose, glutathione (GSH), farnesyl thiol andariety of alkyl thiold* Scheme
28.
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Whilst the reaction of MSH is rapid, selective foysteine over methionine residues
(unlike peroxide based methdd$ and can be used in open air, there are several
incidents of violent explosions and exothermic degtions reportetf® limiting the
reagent’s utility. All modifications on Dha set awn chiral centre, thus diastereomeric
products will be present. Local stereochemical mmments can have an effect on the

stereochemistry of this additidfy,

Alkylation
Alkylation is a very common method of cysteine nfiedition. Whilst this overview is

by no means exhaustive, two methodologies in pdaticmerit further discussion as
they have gained widespread use throughout chelimaly.

a-Halocarbonyls

a-Halocarbonyl electrophiles such as iodoacetatei@oacetamide have been used to
modify sulfhydryl molecules and cysteine residusrsdfecade$® ***Scheme 29
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They are usually used at pH 8 t8’dThere are documented problems with non-specific
additional labelling of lysine residues at highed®p % and incomplete cysteine
conversion with concomitant reaction of methiorénéower pH*® 8" Thus, to abrogate
the non-cysteine modifications, strict pH conthiecessary. Thehalo acids used to
synthesise the-halo carbonyls decompose in water, increasinglglkaline solutions,
thus for storage reagents should be kept dry ow€ds.PMost of the haloalkyl
compounds are photolabile, so preparations shoslldaloried out in the dark to avoid
complications arising from the decomposition of teagent and possible reactions of
the decomposition products with the prot&inodoacetamides have been widely used
for peptide ‘mapping’ of cysteine containing pro&i>® Alkylation of cysteines is a key

39



step in this multi-step process that aims to deéingrotein’s primary structure and its

level of post translational modification by mass&poscopy.

Maleimide

The conjugate addition of cysteine to Michael atmepsuch as maleimide is a useful
way to modify cysteine — exploiting the nucleoptditly of the sulfhydryl. Historically,
this was first demonstrated in the 1950s whitethyl maleimide and its irreversible

reaction with glutathione and myokinase to fornoshiccinimides7, Scheme 3G“°

ST~
S &
S
I~ N\ _ o
?sN/g%i ié Conjugate addition
U S

o

Cysteine residue in N-Ethyl 87

glutathione or myokinase ~ maleimide

Scheme 30

Conjugations using maleimides are extremely rapmdl aisually highly cysteine
selective leading to a substantial adoption ofaétresigents in many laboratorig§.***
144 Cysteine modification with maleimide is regardedraeversibl&*" **>and can suffer
from lysine and histidine cross-reactivities abpte7*? Importantly, in contrast to the
disulfide strategy, the irreversible nature of thmaleimide addition prevents the
possibility of using the formed succinimide constsu87 to release the cysteine-
containing biomolecule at a later date. The usmaleimides is now a widely employed
methodology in cysteine alkylation and there armarousN-functionalised maleimide

commercial reagents availalife®®illustrative examples are shownRigure 13,
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Figure 13: Commercially availableN-functionalised maleimide&§®

Recently, maleimides have been used to create eonfplorescent lanthanide (lII)
chelates?!® Scheme 31 (g) and to modify surfaces in order to immobiliseothi
containing biomolecule¥* Scheme 31 (h A testament to the utility of maleimide is its
use in synthetic cancer vaccine constrifétsthe use of an analogous constrviet a
lysine on the antibodyscheme 31 (G)was unsuccessful, creating a conjugate with very

poor efficacy.
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Photochemistry of maleimide
Maleimides are excellent photochemical partners wariety of photocycloadditions.

They can undergo efficient [2+2] photocycloadditomith themselves to form dimers,
e.g. 88 7 or with substituted olefins to afford an array aafmplex products, as

exemplified by89, 90 and91, Scheme 324>
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The [2+2] photocycloaddition of maleimide has besploited towards biomolecule
immobilisation strategieS**>® Photosensitizers are employed to afford a rapid
conjugation of alkene modified proteins to a malderabelled surface upon

irradiation,Scheme 33

§

Sensitizer

Hydrogel with .mal_eimide Protein immobilised by [2+2]
tethered via nitrogen photocycloaddition

Scheme 33

In addition to the [2+2] photocycloaddition, maléd®s can also undergo a [5+2]
photocycloaddition, referring to the atoms involvedhe reaction, and not the number
of electrons,Scheme 34*° * Examples of this transformation are where e
substituted maleimide®2 and 94 undergo a photochemical N-CO cleavage to a
diradical, followed by insertion of the nearby dbond, to afford seven-membered
rings 93 and95. To date, the [5+2] reactivity of maleimides hasydeen observed as

an intramolecular reaction when bulky groups hirtter[2+2] transformation.
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1.ii.ii. Incorporation of non-native amino acids

The modifications discussed thus far have deah waiterations of native amino acids.
An alternative approach that will be briefly sumimead here involves the incorporation
of non-native functionality into a protein, whiclarc then undergo highly selective,
bioorthogonal reactions. For example, an oxidatleavage can be carried out on
protein N-termini 96 to afford terminal 1,2-dione87, Scheme35, which can undergo

subsequent dione specific conjugations.

%(Ngf ~ nao, O Hgf

96
Terminal serine Terminal 1,2-dione

Scheme 35

With the advent of sophisticated biochemical teghas, single locations or single
residues can be targeted for conversion to a rarigeon-native motifs including

ketones, alkynes and azid8sThree methods of incorporating unnatural aminasaci
are described below, although there are many ffdre.

Site specific incorporation of non-native amino acls

Translation is the process of converting the DN#nscript, thanRNA sequence, into
an amino acid polypeptide chain. In cells, an anaowm is attached to tHRNA that

codes for itvia an ester bond. ThmRNA is directed to a ribosome where it is attached
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to the correspondingRNA molecule. Thereby delivering the correct amiacids
governed by the codon-anticodon interaction betvitbemRNA andtRNA molecules.
Site specific unnatural amino acids can be incatear by modifying aRNA of a
regular codon with the desired unnatural amino .a€hlds codon is then used in the
mMRNA transcript, dictating the placement of the &rgnalogue within the target
protein. This technique is limited to cases whenéy small amounts of protein are

required because the production of the modifiRNA is not trivial*°

Residue specific incorporation of non-native amin@cids

Residue specific incorporation relies on compatitizvith natural amino acids
throughout the step at which they are connectetiRiA. The ribosome pairsRNA
codons to anticodons frofRNA with high precision and accuracy; however it is
largely insensitive to the nature of the amino atidched to the 3’-end of tHBNA,
leaving the responsibility of bonding the correatimo-acid with the corresponding
tRNA to the aminoacytRNA synthetases (aaRSs). Whilst this family of eneg has
excellent and essential fidelity against each @f tlventy natural amino acids, they
demonstrate a high level of promiscuity towardsataral analogue®. As a result of
this, unnatural amino acids that are structuratig, acrucially, electronically similar to
natural analogues can be introduced into the meudmere they will be attached to
tRNA and will be ‘fed’ into growing polypeptidés® Larger, structurally deviant amino
acids have been incorporated using aaRSs withedlteubstrate specificity generated
from rational design and directed evolutih.A variety of residues have been
incorporatedvia this method, but particularly useful for conjugati strategies are
residues containing ketones, azides and termikghas’’> ¢ 7

Auxotrophic bacterial strains to incorporate unnatural amino acids.

An auxotrophic bacterial strain is an artificialyngineered species whose metabolic
pathway for a particular organic compound, ofteseasial for growth, has been

interrupted. Such an organism is dependant on reaitesources to incorporate this

compound. If an auxotrophic strain is supplied vathon-native version of the essential
compound during protein expression, the bactemairtstead incorporate this molecule.

Typical auxotrophic targets are amino-acids andstsuitions include the replacement

of hydrogen with fluorine, methylene with oxygen sulfur andvice versa and ring

substitutions® For example, leucine has been replaced with trifileucine and
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methionine has been substituted for an alkynyl amasid (homopropargylglycine-
Hpg), an alkenyl amino acid (homoallylglycine-Haghd an azido amino acid

(azidohomoalanine-Ahd&}: 1%

The newly incorporated unnatural amino acid(s) &haow render the subsequent
reactions specific to that particular residue, iegdo no perturbation of the rest of the

biological system - this is known as ‘bioorthogatyal

Ketones and aldehydes

Ketones and aldehydes in proteins are reversitdgtngee towards amine, thiol and
alcohol nucleophiles, but the equilibrium in wagenerally favours the free carbofd.
Nucleophiles that are enhanced by theffect, i.e.,, they are flanked by a heteroatom
containing a lone-pdi*® form stable conjugates with aldehydes and ketofes.
example, thiosemicarbazid@8, aminoxy 100 and hydrazide compoundB)2 react

160 161

rapidly to form stable thiosemicarbazor®s">° oximes101,'*° and hydrazone$03

respectivelyScheme 36
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Due to the reversible nature of potential intenfierss, such reactions are tolerant of a
wide range of competing functionality. The reacsiqgroceed in high yield to stable
adducts, but modifications above pH 6 are sloweggnting the major hurdle for these

reaction€’ These carbonyl-exploiting methods have not beatelyiused inside cells
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due to potential competition from endogenous aldeby such as glucose and
pyruvate® However, ketones are virtually absent from ceffazes®? and thus, for this

application, ketone modifications have some utilior example, Bertozzi and co-
workers have shown that certain keto-sugars ar@bukted by cells and integrated
into cell surface glycans, where they can be tteatiéh aminoxy and hydrazide probes,

and they report no interferences from endogenalehgties®

Azides

Azide modification has become increasingly prevaienthe literature as azides are
small, kinetically stable under physiological cdraiis, easily synthesized, absent from
the biological milieu and fundamentally bioorthogbriThey are usually introduceta
metabolic incorporation, described ihii.ii., and subsequently modifiedia the

Staudinger ligation or [3+2] cycloadditions.

Staudinger ligation

The Staudinger ligation is a great example of sgtth chemistry furthering
biochemistry. The Staudinger reacti®hinvolves reduction of azides with triphenyl
phosphine, proceeding through an aza-ylide interated04, Scheme 37 (3)to afford
amines105 The Staudingeligation'®® exploits a triphenylphosphine reagent with a
proximal ested06. An intramolecular reaction of the formed aza-glidtermediatd 07
and hydrolysis of the cyclic amino phosphoniti@8 affords a stable amid€9in good
yields, Scheme 37 (p®° The triarylphosphine does not reduce disulfidedsbti as
other phosphines (TCEP) have been known to, andctieth of the azide by cellular
thiols has been shown to be sI&.A variation on this reaction is the traceless
Staudinger ligation, whereby a phosphinothioedtH is used. The formed aza-ylide
111 is intramolecularly trapped, and this results limmation of the triarylphosphine
oxide and formation of a native amide backb@d@ Scheme 37 (c} hence the term
‘traceless.’
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Like any reaction, the Staudinger ligation is ndathaut its limitations. It suffers from
relatively slow reaction rates, necessitating catregions of the phosphine of 25®/
and above. Efforts to speed up the ligation havwebren particularly successful but the
desirable properties of the azide have consequbstlyo considerable interest in azide

chemistry for biological applications.

Azides and alkynes

The reaction of alkynes and azides to form triazolas first reported at the end of the
19" century*®® and has been considered a [2+4] cycloadditionesthe 1950s when
Rolf Huisgen introduced the concept of 1,3-dipotacloadditions®® Scheme 38
These reactions are often referred to as [3+2]oayditions, describing the number of

atoms involved in the transformation rather thandlectrons.
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Scheme 38
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Whilst the reaction tolerates a variety of functbty and aqueous conditions, it
requires elevated temperatures to proceed at ame@pple rate. Such elevated
temperatures are not suitable for application t@tgn chemistries and thus
investigations have been undertaken to circumveatneed for such temperatures. To
date, two routes have gained prevalence i. copp¢alyzed azide-alkyne [3+2]

cycloadditions (CUAAC) and ii. strain promoted az@kyne [3+2] electrocyclisation.

i. Copper catalyzed azide-alkyne [3+2] cycloadditios (CUAAC)

In 2002, Meldalet al'’® and Sharples®t al'™* simultaneously reported dramatic
acceleration of azide-alkyne electrocyclisationsadgition of a Cu(l) catalys§cheme
39. The catalysed cycloaddition is thought to procelugh a series of copper
acetylide intermediates but the precise mechansmstill under investigation. The
reaction produces the 1,4 regioisomEl3 exclusively and tolerates a range of
functional groups, aqueous conditions and is famgensitive to pH, although better
reaction rates are afforded between pH 7 ar&tBeme 39

(-
R—N=N-N RN
cu(l) ) N
R—N=N=N" + H—R E——
+ CuU—=—=R N
d d o 113R
Scheme 39

The reaction has gained such high standing in lieenccal community that it is often
referred to simply as a ‘Click’ reaction - implyirtge ease with which the reaction
proceeds, especially with the addition of acceilegdigands Figure 14.

Tris(benzyltriazolylmethyl)amine (TBTA) Sulfonated bathophenanthroline

Figure 14: Ligands used to accelerate the ‘CuUAAC’ eaction
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Click chemistry has been widely adopted in orgasymthesis and combinatorial
chemistry'’? polymer and materials scientéand chemical biolog§ 1* *"*but some
complications with this Cu(l) mediated reaction éddween reported. Residual protein
bound Cu(l) can interfere with mass spectroscopatyais, and the best stabilizing and
accelerating ligand® " are often poorly solubté® or need oxygen-free conditioh¥.
As mentioned, both alkyne and azide motifs canniserted into a protein motiia a
range of techniques, allowing flexibility of reamti partnersj.e. the label can contain
the azide and the protein the alkynevare versa To date, the use of this method in

81, 178

cells has been limited by the inherent toxicity @d(l) and this has sparked

investigations into Cu(l)-free azide-alkyne reactio

ii. Strain promoted azide-alkyne [3+2] electrocycBation.

To promote the cyclisation without the need for e the alkyne must be activated.
This could be done with the use of electron deficedkynes, but they could potentially
act as Michael acceptors, lowering the specifiaitgl functional group tolerance of the
reaction. However, incorporating the alkyne inte temallest stable cycloalkyne,
cyclooctyne114, has been shown to activate the electrocyclisatorriazole 115
Scheme 40 with comparable efficiencies to the Staudinggation, thus requiring

similar high concentrations of prob€.

N
- N“ N-R
o 'Strain-promoted' —
R—N3 + >
PN

R MR
114 115

Scheme 40

Poor solubility of the cyclo-octyne reagent hasdlea the addition of stabilization
agents like cyclodextrffi® and variations on the cyclooctyne scaffold inahggi
geminal-difluorinated (DIFOY® dibenzo (DIBOY* amine (DIMAC)*®! amide116 and

117,82 disulfide 116'*® containing species and combinations thereof (DIFBf@yure
15 81, 179-183
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DIFBO Cyclodextrin DIMAC
Figure 15: Variations on the cyclooctyne and a stalising additive used in the

electrocyclisation

Reaction rates are comparable to the copper-cathlyariant whemgemdifluorination

of the alkyne is employelf® A limiting factor of this strategy is currently eh
complexity of the synthesis of cyclooctyne reageAtsadditional restriction, borne out
of the complexity of the cyclooctyne, is that theda motif must be the partner that is
incorporated into the target protein, whilst thelogpctyne assumes the identity of the
tag moiety. Encompassing the cyclo-octyne as aggchemically-masked moiety will

be discussed if.ii.iv..

1.ii.iv. Modifications of proteins using photochenstry

In order to achieve high levels of specificity fiochemical applications, attention has
increasingly turned towards the use of light aseaternal stimulus to bring about
reactions. Since photoreactive reagents are ‘silertter normal conditions and become
chemically reactive only upon UV irradiation, thegn render a modification precise in
space and time. This ‘spatiotemporal’ control coptitentially provide the ability to
regulate a reaction in a particular compartmentao$ystem,e.g. either extra- or
intracellularly. Therefore, using light as a stinmiis also gaining increasing attention in
investigations of cellular process&&®' The reagent can be allowed to concentrate in a
homogenous matter at the site to be investigatémyiag for background to be taken
from the real system prior to the irradiation evelhother powerful application of
photochemistry is the patterning of biomoleculesvhereby the shape, size and
distribution of features on a surface could be e via a laser or a photomas¥ In
fact, photochemical reactions are increasingly &gfriphotoclick’ when they are high

yielding and robust, so well-recognised is theiteptial 2%
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Proteins possess some inherent UV activity. Thenanaicids tryptophaniax ~280
nm)°2 tyrosine Lmax ~275 nm):*® phenylalaninelnax ~257 nm):*3 and cysteineiax
~280 nm — disulfide bond}’ all absorb to some extent in the UV range of 2300, as
the absorption profile of a given species is ugustimewhat Gaussian about thex.
There are also some weak absorptions from the deeftonds themselvé® Upon
absorption, these residues can undergo photochemeeations and degradation.
Commonly observed degradation pathways includeabeinot exclusive to, S-S bond
fission, conversion of tryptophan to kynurenine csge 118 and the conversion of

tyrosine to 3-(4-hydroxyphenyl) lactic acidl9 and various dityrosine$20, Scheme

41.
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However, control of the range of wavelengths of Wkadiation that the protein is
exposed to can negate such degradative pathwaysnakd photochemistry a viable
modification strategy. Photochemical transformagi@me usually regarded as suitable
for utilisation with a protein substrate if thenee anoderate to good conversions to the
desired conjugate at 365 nm, a commonly used wagtlefor irradiation>>*%’
However, increasingly higher conversion rates agés wavelength are sought after to
minimise degradations. Welkt al. have carried out irradiation studies on humarscell
(IMR-91), showing that there is a marked decreaseell death as irradiation increases
from 334 nm to 365 nm, and again when going frord Bf to 402 nnt?” The cell
death can be attributed to both DNA and proteirraidation. As the native absorptions
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of the amino acids in a protein can lead to side&tiens, photochemical modifications
of proteins are usually carried out on modified monacids or non-native amino acids,
whereby the applied wavelength can be tuned tad®yter at the tail-end of, the natural
absorbance range.

Photochemical modifications will be dealt with hlrée categories - (i) highly efficient
photochemically-mediated additions; (ii)) compourtdat form non-specific, highly-
reactive species upon irradiation, known as ‘phifitaty labels’ and (iii) inert

compounds that are rendered active upon an irfadi@vent and undergo defined

chemistries, also called ‘caged’ compounds.

i. Photoaddition reactions

Photoaddition reactions can be described as higfilgient photochemically-mediated
additions, such as the thiol-ene and thiol-yne treas, Scheme 42 (a)and (b),
respectively. Whilst the reactions were describedral00 years agt® they have
recently taken on ‘Click’ status as they are higéiffcient and tolerate a wide range of
groups in water and withstand the presence of ax}y§eThe thiol-ene/yne reactions
proceed with either an initiator or with irradiatiovavelengths near to visible light
and in buffered solutions. The thiyl radice1 is formed from irradiation, which can
then reversibly add to an alkene or alkyne to dffitie addition products22 and124,
Scheme42. The reversion of this step can be affected bysthecture of both the thiol
and the alkene/alkyne and can be sensitive toioeaconditions:™ The alkyl radical
122 abstracts a H- from a remaining thiol and affdhesthioethel23 However, once
the radical product24 from the alkyne addition is quenched it is stil alkenel25
and can therefore undergo a second radical addi@iford dithioethed26, Scheme
42 (b). The reactions have been used to synthesise @gpitdes both in solution phase

%% 29 to pattern surfaceé8? 2! to prepare macrocyct®é and for

and on-resi
dendrimer constructiol?>” ?** A similar reaction is the addition of thiols toeetron

deficient alkynes without the need for irradiatf8hHowever, the reaction is much
slower and does not benefit from the spatiotempooaitrol of irradiation-mediated
reactions. The main side products and added coatilicof the thiol-ene/yne reactions

are the disulfide compounds arising from thiol-tldoupling.
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Optimum conditions must be sought to further thktyibf this promising reaction that

proceeds at exposure to high wavelength, and twshergy, light.

ii. Photoaffinity labels

A powerful tool to define interactions between baeatules is photoaffinity
labelling>®* 9% 2%photoaffinity labels are characterized by the ghitéan of irradiation
and subsequent formation of a highly reactive gseclhe reactive intermediate can
then undergo largely non-specific reactions.g( C-H or X-H insertion) with
surrounding biomolecules to form cross-linked piiduBy capturing interactions in
this way, a ‘snapshot’ of a molecideenvironment is obtained. The most common
photoactivatable groups include aryl ketorfd7, Scheme 43 (3) diazirines 129,
Scheme 43 (h)and aryl azide$31,%® *** 1%°Scheme 43 (g)forming reactive diradicals
128 carbened30and nitrened32 respectively.
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The labels can be introduceda standard chemical means, or genetically or
metabolically incorporated into target molecul®s.The cross-linking reaction is
usually brought about by a pulse of light. Thex of these species is usually too low for
biological use¥® and can damage the biomolecules to which conjoigasi intended.
Therefore, so-called ‘off-maximum’ values are use@pproach irradiation around 400
nm and hence conversion rates of conjugation areoamised-> As the lifetime of an
excited species increases so does its crosslinkfigency. However, longer-lived
reactive species often lead to less specific iotems and a compromise between these
characteristics must be sought when choosing aopfiotity label. Benzophenone
groups generally have a higher degree of bond flitomé#o the intended target molecule
compared to yields obtained using phenyl azides, tdutheir ability to be repeatedly
irradiated without breakdown of the precursor toiractive form® A recent use of
photoaffinity labels incorporated modified aryl @s into a protein for site-specific

mapping of protein-protein interactiotfS.

iii. Photoactivatable residues and ‘caged’ functioality

The term ‘photoactivatable’ is used in this textdescribe molecules that are inactive
prior to irradiation but, upon irradiation undergelective reactions with specific
reaction partners. The term ‘caged’ is usually usdekn the active molecule is an
endogenous substrate or receptor that has a ndumation that is inhibited by

modification with a ‘cage’.
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As a direct result of the popularity of the ‘Clickéaction in protein modifications
efforts have been focused on ways to mediate #astion without the use of copper.
The utility of the azide-alkyne ‘Click’ reaction &abeen further extended by the
development of a photochemically triggered adaptétt as it allows combination of
the fast and bioorthogonal ‘Click’ reaction with ethspatiotemporal control of
photochemistry. The cyclopropenord&3 upon irradiation at 350 nm, forms the
strained alkyneé.34 which allows copper-free triazol85 formation from the resultant

cycloaddition,Scheme 44
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The masked alkyne can be tethered to an affinitietpdbiotin), a fluorophore or any
manner of molecule of interest. A recent developgmerthis area, is the use of the
photoactivated reaction to modify surfaces with pter patternsvia photomask$®
Similarly to all cyclo-octyne based cycloadditiomasegies, a major drawback of this
route is the complexity of synthesis of eight-mensbeing substrates. Additionally, as
the conjugation event is not itself light-mediatéag kinetics of the cycloaddition are
the same as the standard ‘strain’-mediated reacliois results in a time delay between
generation of the alkyne and occurrence of theigatobn reaction — allowing for some
diffusion to areas that have not been specifidaligeted. The use of this technique with
spatiotemporal control has therefore not yet beerfiepted and ways to combat this

aspect of the methodology are sought dfter.

Lin and co-worker$?: 19 2072haye developed a photochemical conjugation styateg
that proceeds at usable wavelengths for applicatigoroteins. Their work utilises the
1,3-dipolar cycloaddition of nitrile imines thateagenerateth situ, from the photolysis

of tetrazoles?® ' Tetrazole136 liberates nitrogen to form the dipal&7, which then
undergoes a highly regiospecific cycloaddition wd#hrange of alkenes to form

fluorescent pyrazoline produci88 Scheme 45The reaction is specific to alkenes and
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therefore bioorthogonal. Tetrazole-labelled amimid”® and protein®® are easily
accessed syntheticalf§' ?®® and can be reacted with a range of dipolarophibes,
conversely, the dipolarophile alkene can be incateal into the target protein and
reacted with a range of tetrazof8%.#'% "whilst the maximum absorbance varies from
substrate to substrate, labels have been identifi@dhave good conjugation yields at
365 nm, i.e. low enough energy irradiation for biological applion. As the
conjugation affords fluorescent pyrazoline cycloacid, with a different absorption
profile to the starting materials, the bioconjugas can be monitoreda fluorimetry!®

\\ 365 nm \\ // j . R\\\ ///R
N N N " 7 NT N
136 138 R"
Tetrazole [Nitrile imine generated]  Dipolarophile Pyrazoline

Scheme 45

The rationale behind the caging technique is thabecule of interest can be rendered
biologically inert (caged) by chemical modificatiowith a photoremovable or
photoisomerablf&® group. The functionality of the caged moleculettien revealed
upon irradiation. A variety of caged motifs haveebheanade and used, including amino
acids?*? Scheme 46 (g)whole receptors:®* Scheme 46 (h and nucleotide$:* Scheme
46 (c)
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A molecule that is to be ‘caged’ is initially moéd via standard conjugation
techniques and the use of photochemistry inferst €tontrol on its subsequent activity.
This strategy has recently been used to fabricgpdatoresponsive drug carrier that

releases an encapsulated drug upon irradiatfon.
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The work described in this thesis is presentedvmparts. Firstly, there is a discussion
of investigations into novel methods in [2+2] plotoloadditions, followed by research

into new reagents for selective cysteine modifaraind their photoactivity.

2.i. Novel methods in [2+2] photocycloadditions

2.i.i. Aims

It was hypothesised that the scope of syntheticgdligle enone-olefin and enone-alkyne
[2+2] photocycloadditions could be broadened byaeimg the chromophoric products
in situ, after the initial photoreaction, thus maximizitg yields and potential of these

types of reactiongsigure 16.

Chromophoric hv Chromophoric  in situ Non-chromophoric product
substrate product Trap' is isolated

Figure 16: Hypothesis

For example, after the initial [2+2] photocycloatitth of enonel39, anin situ trapvia

a trapping agent (TA) of the newly formed ketd@#), in preference to the enod89,
would afford a non-chromophoric specietl which would not undergo photochemical
degradationScheme 47

o Q HO TA
N R
e I
Rz TA 2 Rz
139 140 141
Chromophoric Chromophoric Non-chromophoric
substrate product product

is isolated

TA = Trapping agent that is selective for ketone 140 over enone 139

Scheme 47

To attain the goal of finding a nucleophile thatuleb be a suitable ‘trap’ in these
photochemical reactions, the chosen nucleophiletbdze photochemically unreactive
and be selective for the ketone produtA® of these reactions rather than the enone
substrate4 39
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Model system for [2+2] photocycloadditions

The vinylogous ester$42 and 144 were chosen to test the hypothesis as they would
provide significant reactivity differences towanascleophiles between the carbonyls in
the vinylogous ester substrate42 and 144 and the carbonyls in the ketone products
143and145,Scheme 48

o) o) o) 0
Q_-me g Qe
——————————— - >

o
142 OM © 1449\ —
A\ 143

145
Scheme 48

The photochemical transformations to the ketd3and 145 are also conspicuously
missing from the literature, as other, very similelosely-related motifs have been
reported,Scheme 497“° ® For example, the enoriet6 differs from the vinylogous
ester model substratt42 by just one atom, and affords the ketone produit in
excellent yield$® When the vinylogous estdr48 with one methylene less than the
model substratd42 was irradiated, the crossed adduid® was formed in moderate
yield*® Enone 63 affords a variety of four-membered ring photoprdu after
irradiation®’ It differs from the alkyne model44 by just one atom (for further
discussion on this reaction s8eheme 17p. 28). When the vinylogous ester contains
an extra methylene in the ring syst@®0, 92% of the ketoné&51 is afforded in 82%
purity (from GC analysis)® The analogous six-membered ring enone-alkyse
affords the 1,4-unsaturated ketoh®3 in 77% when uranium glass is us8&cheme
49,
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It was thus postulated that the secondary photboescof ketonesl43 and 145 had
prevented the photochemical reaction of vinylogessers142 and 144 from being
successfully reported in the literature. The intéoular reactions also promised to
provide much quicker reaction times than if theintolecular analogous reactions were

used.

Reagents proposed forn situ trapping

The first trapping agents proposed for investigatiere borohydride reducing agents.
Donati et al?*® had shown that borohydride reduction could be peréd in situ in
photochemical reactiorfs® Scheme 50 suggesting that borohydrides were compatible
with irradiation conditions. In their work they hachpped the photoreactive azirine
intermediatel55 during irradiation of isoxazolopyridiné54 as the photochemically
stable aziridind. 56, Scheme 50

0 -~ iso-propanol = NaBH,4 =

N o N 0 N
154 155 156
In situ
Scheme 50
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Therefore, it was proposed that the use of boratdgdreducing agents under
photochemical conditions was theoretically possilitapping ketonesl58 as the

analogous alcohols59 Schemes1.

hv H
777777777777 e . N
Reducing agent | H H

O 0
157 H 158 159

L insitu

Scheme 51

For thein situ trapping reaction to be successful, the vinylogesi®rsl57 had to be
less reactive towards hydride reducing agents tharketone photoproduciH8 and
literature precedent suggested that this wouldhleectse. Across various vinylogous
ester system%60, reduction with sodium borohydride to the alcoh®4 took between
sixteen and twenty-one hours, and lithium aluminibgdride reduction of similar
systems took between two and five hours. Conversatyilar ketoned62 were much
quicker to react with both sodium borohydride amididm aluminium hydride, taking
between fifteen minutes and one hour and betwegty thminutes and three hours,

respectively, to afford the alcohdl§3**?*°Scheme 52

fe) OH
NaBH,4 16-21 h NaBH,, 15 min-1 h
or
160 ojR L|AIH4 2-5h 162 © LiAIHg, 30 min-3h  4ca O’\R
R = Various
Scheme 52

It was thus suggested that the selective redudfdketone productd58 rather than
vinylogous estersl57, could be carried out during irradiation, and tiias would
remove the possibility of secondary photoreacticrsd degradation in [2+2]

photocycloadditions of such substrates.

In addition to hydride-based reducing agents, géronucleophiles were postulated as

useful reagents for trapping studies. The litemtlgscribed rapid addition of a variety
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of nitrogen nucleophiles to cyclic and acyclic kete164 to afford hydrazone465
oximes 166 hemiaminalsl67, and iminiums168 Scheme 53 (af*"?*' In contrast,
there was no evidence found that implied that ggronucleophiles would react rapidly,
if at all, with vinylogous esterd69 from cyclic or acyclic scaffolds, to afford the

analogous hemiaminal7Oor imine-based producis’l, Scheme 53 (h)

H
N-X { N>

N O
@ | NHzNHX Pyrrole |
30 min-16 h ~ 25h
W Hoow woowW
165 164 Hydrazine 168
HO. Hydroxylamine 3h
‘N 2-8h HO HN—NH;
“ié ;i “}; ;f
166 167
.R
% HO HN-R N
~__Notfound |
® ) ) )
v}z’L Oé* L/LL'L O%* % ) O%,
169 170 171
Scheme 53

With these examples in mind, it was postulated thitbgen nucleophiles such as
amines, hydroxylamines and hydrazines could bésedlduring irradiation to trap out
photoproduct ketoned58 in preference to the vinylogous estet§7, affording
hemiaminalsl72, iminiums173 oximes or hydrazonel/4 and enamine75 Scheme
54,

O
O H R R R rR. R
N-R  R-N* R—N N
hv NR,H HO \ \ .
———————————— > e
H
o) O
\1\ o o S| 0o
157 AN 158
in situ 172 173 174 175
NRoH = 19, 2° amines, hydroxylamines. hydrazines
Scheme 54

Sodium bisulfite and metabisulfite were also sutggess possible trapping agents. The

reaction of a variety of ketonés/6 with bisulfites and metabisulfites was quoted as
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rapid, forminga-hydroxy sulfonic acid477 and bisulfite adduct&78in as little as two
and a half minutes in some cas&heme 55 (a5**?*° The analogous reaction of
sodium bisulfite and metabisulfite with vinylogoasters179 was not foundScheme
55 (b).

0 SO4/N2,S,0 P T o0-°
NaH 3Na2 205 N \S/
a >< OR \)< \
® L%ﬁé{ 2.5min-2 h O T or 24 OR
176 177 178
R =H or Na
N //O O
HO_ S HO_ O-g”
OR \
(b) %)KL NaHSO3/Na28205 /‘%QL % ‘ OR
————————————————————————————— - or
o Not found o) o
179 wio T o
Scheme 55

These examples were taken to suggest that thefitidothsed reagents would be
selective for the ketone produci®8 of the photochemical transformation over the
vinylogous ester substraté57, Scheme 56 The products180and181, of the reaction

of the bisulfites with ketones58 were predicted to be non-chromophoric, and theeefo

would not degrade in the photochemical reaction.

(o] 0 H O- pR I
S+ O “OR
@ o (NaHSOs - HO 7 O HO R =H or Na
o o H Or
/\/\\ Na28205 [e) o
157 A\ 158
Scheme 56

It was the premise of this work that removing tlaebonyl functionalityvia trapping
agents would preclude all secondary photoreactionsluding Norrish cleavage

reactions and the 1,2- and 1,3- acyl shifts thatsaen in 1,4 unsaturated systémé&
236

Alternative enone systems for use in trapping stues

If trapping conditions could be established witle tintramolecular vinylogous ester

models142 and 144, then enon&3 would be synthesised in efforts towards isolating
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the primary photoprodud4 as a ‘trapped’ analogue82 , Scheme 57 for further
details on the by-products of this reaction Seeeme 17p. 28.

HO [ AH
,,,,,,,,,,, > L Non-chromophoric
- product
N4 is isolated
182

Chromophoric product
TA = Trapping agent that is selective for ketone 64 over enone 63

Scheme 57

It was also planned that any successful trappimgpisg(TA) discovered in the course of
the investigations into the intramolecular reactiomvould be transferred to
intermolecular [2+2] photocycloadditions that weiéher reported as low yielding or
not reported in the literature at all. For example, literature examples the
photocycloaddition of vinylogous est&0 with acetylene was only carried out to 19%
conversion in order to minimise secondary photdieas,’®> Scheme 58 for further
details on this reaction s&heme 16p. 28. It was postulated that onaesitu trapping
conditions were in hand from model studies, thetptieemical step from this synthesis
could be carried out to completion, thus the yiefdthe transformation to trapped

cyclobutenel83would be greatly increase8cheme 58

o 0
hv 19% conversion
+ HC=CH 19% conversion minimises undesired
secondary photoreactions
o— o—
60 61
o e — R
o Ho_TA
hv
+ HC=CH - >/ T Vo >
100% conversion
60 61 Trapped
product

TA = Trapping agent that is selective for ketone 61 over vinylogous ester 60

Scheme 58

To trap out chromophoric photoproducts of the miaecular [2+2]

photocycloaddition, enones such as vinylogous £gt84 and cyclopentenon&87,
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Scheme 59 would also be irradiated under any new conditiongh alkenes and

alkynes in attempts to afford both cyclobutane aydlobutene products. It was

envisaged that a variety of chromophoric ketord&§ and 188 could be trapped as

analogous non-chromophoric produd86and189, Scheme 59.

184
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-
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Chromophoric product

188

est

(0]

Non-chromophoric
product
is isolated

Ho 1A
,,,,,, - i/ijl Non-chromophoric
product

is isolated
189

Chromophoric product
TA = Trapping agent that is selective for ketones 185 and 188 over enones 184 and 187

Scheme 59

Ring fragmentation of photocycloaddition products

If the trapping strategy could be successfully destiated, structures such as alcohol

190 could potentially be accessed for the first titBeheme 601t was envisaged that

these motifs could be exploited towards useful fetdd such as 7,5-rind92 via

functional group interconversions and directed riragtation. There were over three

hundred literature examples of highly substituteB-rihgs in natural products 2%

such as those that could potentially be affordesmfrGrob-liké*® or step-wise

fragmentation of the 5,4,5-ring systdrl, Scheme 60
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Scheme 60
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2.i.ii. Results and discussion for novel methods i2+2] photocycloadditions

The vinylogous esterd42 and 144 used in this study were synthesized by acid
catalysed condensation of either 3-buten-1-ol orbuBn-1-ol with 1,3-

cyclopentanedioné&cheme 61

(0] o o
3-Buten-1-ol 3-Butyn-1-ol
pTsOH pTsOH
o Dean-Stark Dean-Stark o
87% (0] _
142 \,\ 6 76% 14;\//

Scheme 61

Scheme 62shows the initial photochemical transformationat tivere proposed to be
exploited in the trapping studies, converting vaggdus esteré42and144into ketones

143and145 both previously unreported reactions.

O e} O o]
Q - Qe O
o2 ——
143 145
Scheme 62

Depending on the success of these transformatittves substrates would be chosen for

investigation.

2.i.ii.i. Model validation

To be certain that the photochemical transformatioihvinylogous ester$42 and144
to ketonesl43 and 145 suffered from secondary photoreactions as pratli@ed thus
were relevant model systems for trialling the tiagp agent methodology,

investigations into the photochemical conversioesennitiated.

The initial irradiation of vinylogous estd4d?2 was carried out in 0.04 M acetonitrile,
affording a mere 13% vyield of ketodd3 after column chromatography, entryThble

1. Solvent plays a large part in photochemistry wufiitering effects, sensitizirfg" and
solubilities, thus carrying out the reaction in etlsolvents was attempted. However,
mixtures of unidentifiable material were all thatutd be seen byH NMR spectra of
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the crude reaction mixtures from reactions in baezewater, methanol, ango-
propanol. All reactions were carried out to comglebnsumption of vinylogous ester
142 and then subjected to column chromatography, bilketanel43was isolated from
any of the reactions in solvents other than acetli entries 2-5,Table 1 The
concentrations used are low compared to ‘standah@mistries as intramolecular
photochemistry is usually undertaken at lower catre¢éions to minimize competing
intermolecular reactions. Lowering the concentratmf the reaction in acetonitrile
further had no positive affect on the yield, en@yTable 1, whilst increasing the

concentration led to no isolation of any ketdd@, entry 7,Table 1

Table 1: Irradiation of vinylogous ester 142

142 143

Entry  Time (h) Solvent Concentration Yield of 143
1 2 Acetonitrile  0.04 M 13%

2 4 Benzene 0.04 M --

3 4 Water 0.04 M --

4 4 Methanol 0.04 M --

5 1 iso-Propanol 0.04 M --

6 4.5 Acetonitrile  0.02 M 3%

7 4 Acetonitrile  0.08 M --

All reaction solutions were irradiated to completnsumption of the starting material and analysgd b

TLC and*H NMR, prior to column chromatography of the reastiesidue.

Once isolated and subjected to further irradiatitwe, ketonel43 degraded to mostly
unidentifiable material in ninety minutes, confingithat this compound was sensitive
to photochemical degradation over the time cousettie [2+2] photocycloaddition.
One side product, tentatively proposed to be aldeli®3 could be seen in the crude
reaction mixture byH NMR, Scheme 63Peaks were visible that suggested a terminal
alkene was present in the complex mixture (m, 1B,630; m, 2H, 5.3-5.1) as well as a
number of peaks above 9 ppm that could be attribtdea variety of aldehydes. The

aldehydel93 could neither be completely characterised noraisol from the reaction
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mixture, but could have been derived from ket@d8 undergoing Norrish | cleavage,
andy-hydrogen abstraction and disproportionatiScheme 63 This sequence is well

described in the photochemical literattte’® 64 242243

hv, 90 min
Norrish | cleavage

y -H abstraction
and disproportionation

143
Scheme 63

Whilst no other products could be isolated for elsgerisation, it was postulated that
ketone143 would have also undergone Norrish | cleavage tdwdine alternative-
carbon,Scheme 64 This could then afford the secondary radit® and subsequent
disproportionation to further reactive produd35 that were not isolated, but would
have lowered the yield of the desired ket@d& Both Norrish | cleavage diradicdl94
and 197 could also have formed reactive oxacarbenes, whbah form in strained
systems* The oxacarbenek96 and198would be expected to have limited stability as
they are highly reactive and so were not direcbgevved, but could further account for

the low yield observed in this reaction.

_— — » Further

€-H abstraction reactions

Y
1) and disproportionation O
194 195
- Norrish |
Oxacarbene ———— Further
formation reactions

cleavage
o]
\2
,/
\ )
— > Further

Oxacarbene i
o formation reactions

Scheme 64
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It had been shown that the intramolecular [2+2]tpbygcloaddition of vinylogous ester
142 was low vyielding, suffered from secondary phototiegty of the ketone product
143 and could potentially benefit from attempts torease the yield. The [2+2]
photocycloaddition of vinylogous este42 was thus validated as a model system.

Initial photochemistry of the alternate alkynyl yiogous esterl44 in acetonitrile,
Scheme 65suggested a very slow reaction with formatiorooly very few baseline
products after eight hours in both Pyfeand quartz glassware. It was necessary to
irradiate vinylogous estet44 for nineteen hours in acetonitrile to afford coetpl
reaction. No identifiable products could be seerthia crude reaction mixture YA
NMR or after column chromatography of the reactimixture, entry 1,Table 2
Benzene, hexane, water, methanol, acetone andedmolvent system of acetone and
acetonitrile were also employed as solvents in rigégtion. However, the reaction was
not deemed to go to completion (judged by disa@ear of vinylogous estdrd4 by
TLC and'H NMR) until nineteen hours of irradiation had pedsn all solvents tested
and no identifiable product was ever observed,ientR-7, Table 2 A range of
concentrations from 0.01 to 0.40 M were implemerntedietermine if changing the
concentration of the reaction could afford cycl@ne145 but no identifiable products

were observed or isolated, entry 8-T@ple 2
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Table 2: Irradiation of vinylogous ester 144

i hv ?

& ””” oh

144 O\{ ° 145
Entry Solvent Concentration Yield of 145
1 Acetonitrile 0.04 M --
2 Benzene 0.04 M --
3 Hexane 0.04 M --
4 Water 0.04 M --
5 Methanol 0.04 M -
6 Acetone 0.04 M --
7 Acetone: acetonitrile (1:1)0.04 M --
8 Acetonitrile 0.02M --
9 Acetonitrile 0.01M --
10 Acetonitrile 0.40M --

All reaction solutions were irradiated to completnsumption of the starting material and analysgd b

TLC and'H NMR, prior to column chromatography of the reastiesidue.

It was contemplated that the slower reaction tiroalat be explained by the alkyne
tether being held in an undesirable conformatiorutdergo intramolecular reaction
with the excited enone. Therefore, intermolecuéactions were investigated with both
hex-3-yne and hex-1-yne to determine if the cytbsawas hindered by the length and,
or, conformation of the pendant chaire. if the enone would react more favourably
intermolecularly. The two hexynes were used to lvesevhether the cycloaddition
would preferentially occur with the less hinderedntinal alkyne, or its symmetrical
internal counterpartScheme 65 The complete consumption of vinylogous esitéd
was observed after nineteen hours in both reagtimtsno cyclobutene products were
observed with either hex-3-yne or hex-1-yne, (medegraded product was observed).
This implied that it was neither a conformationedlgem, nor a steric problem with the
substratel44. This suggested that the [2+2] photocycloadditérthe cyclopentenone
and an alkyne was sloweg. the quantum yield was low, as the extinction doegfht
should not present a problem as it was in the dgdeegion for such compounds (see
3.iii.i.144).18
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Literature suggested that the intramolecular [2at&tocycloaddition of six-membered
ring enone-alkynes were somewhat faster than fiveimembered counterpaft >*
66. 74 75 therefore the six-membered analog@é0 was synthesised from 1,3-
cyclohexanedionel99 and irradiations to form cyclobuten201 were attempted,
Scheme 66 Unfortunately, the analogu200 behaved in exactly the same way the
five-membered ring variant44 - a slow reaction occurred upon irradiation, which,
upon prolonged reaction times, formed unidentiBabkegradation products with no

ketone201 witnessedScheme 66

(@] (@]
p-TsOH hv
/ —_—
/
@ + HOM 76% é\ /%
o) (o) MeCN, benzene,

hexane, H,O or MeOH o
21h 201

199 200

Scheme 66

It was thus hypothesized that the photochemicatti@a of vinylogous esters with
alkynes was very slow, and as soon as any reaatéantaking place, the problem of
secondary photoactivity was again interfering amel desired 1,4-unsaturated ketones
145and201 were being degraded. The vinylogous et had therefore been proven
as problematic in photochemistry; hence it was aekemuseful model of enone-alkyne

[2+2] photocycloadditions.

2.1.ii.ii. Product ‘trapping’ during [2+2] photocyc loadditions

Initial investigations were made into trapping otlite product from the [2+2]
photocycloaddition of vinylogous estd42 as alcohol202 with reducing agents,

Scheme 67due to the reasons discusseg.ir., namely, that borohydride reagents had
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been used in photochemist.A literature search had also suggested that #gergs

were more reactive towards ketones than towardglogous estersScheme 52 p.
62 217-226

b N ST -
Reducing agent o 5

e}
142 K

143 202

Scheme 67

For this methodology to be successful, vinylogasterd 42 needed to be tolerant to the
reducing agent used in the trapping reaction. Toe¥e vinylogous estedl42 was
subjected to a solution of sodium borohydride fourfeen hours,Scheme 68
Preliminary tests showed that vinylogous esté? was recovered in 80% after this
prolonged stirring with the reducing agent. Assugnihe loss of vinylogous estéd?2
was purely from reduction to alcoh®D3 (not observed), this afforded a maximum of
20% reduction over fourteen hours. As the photoeb@meaction of vinylogous ester
142 was to take place over a maximum of two hours Was deemed chemoselective

enough for initial trial reactions.

(0] (0] OH
NaBH, Not observed
MeCN, 14 h

142 7 . OSK 2030

Scheme 68

Vinylogous esterl42 was thus irradiated to complete consumption (twars) in the
presence of one equivalent of sodium borohydrifferding alcohol202in 36% yield,
Scheme 69entry 2,Table 3.

hv
Reducing agent

O MeCN
142 ”\ oh

143 202 36%
Scheme 69
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A fascinating outcome of the trapping study wasaappt at this stage. The alcof2@l2
isolated from the reaction was exclusively one tdi@®mer. Whilst the relative
stereochemistry at carbons 4, 6 and 10 were alihsette photochemical reaction and
governed by the achievable bond angles of a fuseddur ring, the resulting chirality
at C7 was defined in the reduction. The hydroxgugr was incis configuration with
respect to the newly formed cyclobutane. When aetldimensional model of the
structure was constructed, the reason for thistetasselectivity was apparent. The
newly formed 5,4,5-ring keton®43 was extremely rigid. The cyclobutane effectively
shielded one face of the carbonyl from attack ke/réducing agent, and the ‘hydride’
was delivered to the opposite faSsheme 70The structure was confirmed by NOeSY
analysis of alcohd®02 Scheme 70

hv

NaBH,
142 Oﬂ«\
143
202
H\ H
B:
r}NOe
H I l=o
~ O N
H\ H
202 B:
H H
Scheme 70

The near tripling of the yield of isolated proddéiim this transformation with sodium
borohydride as a trapping agent suggested scopduftiver improvement of this
reaction, thus increased equivalents and differedticing agents were investigated.
Two equivalents of sodium borohydride increasedyib&l of alcohol202 but only to
42%, entry 3Table 3, thus a stronger reducing agent, namely lithiumobydride, was
used. One equivalent of lithium borohydride incezhthe yield to 57%, entry Zable

3. Furthermore, two equivalents of lithium borohydriafforded the desired product in
64% yield, entry 5Table 3. It was then established that the reducing ageold be

added after the degassing step. This shortenetintleethe starting material was in the
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presence of the reducing agent before the irrafidbegan, and thus minimized any
reduction of the starting material, taking the agkd yield to 71%, entry &. 5, Table

3. Increasing the equivalents of lithium borohydridehree merely reduced the yield of
alcohol 202, entry 7, Table 3, most likely due to increased reduction of thetstg
material, and slight clouding of the solution reéisig in retarded photochemistry and
slightly longer reaction times. The use of an eg#monger reducing agent, lithium
aluminium hydride, was wholly unsuccessful as ramlabl 202 could be isolated from
the reaction mixture, entry able 3 This was probably due to excessive reduction

and degradation of the vinylogous esitép.

Zinc borohydride has been reported in the litemtas a selective reducing agent for
ketones and conjugated aldehydes in the presenem @honé® ??° hence it was

chosen to be utilized in the optimization studigkimately, however, the synthesis of
the reagent necessitated the addition of anotHeersip namely ether, into the system.
Ether is somewhat transparent to UV light butksllf to fragment and produce reactive
radicald® and, as such, is not ideal for use in photocheihe reagent was prepared
in solution and was immediately addei syringe in dry ether to a solution of the
substrate in dry acetonitrile. Whilst zinc borotiglérwas quoted as selective *°and

no reduction of the vinylogous estet2 was identified after the irradiation, the yield of
alcohol 202 was only 19%, entry 9Table 3 most likely due to the fact that the

reduction is simply not fast enough to intervenseoondary photoreactions.

Alternative reducing agents such as aminoborohgdfitiare quoted as powerful and
selective reducing agents, but their synthetic ilitgbwas questioned due to their
sensitivity to moisture and air, and the fact tilay are recommended for use in

solvents unsuitable for photochemisteyq. THF).

It was deemed necessary to determine that the ieWd pf ketonel43 was from
photochemically-mediated degradation and not aenatt improved isolation of the
alcohol 202 over the ketonel43 Thus, LiBH, was added at the end of the
photochemical reaction to afford alcoh202 Scheme 71 This yield would solely

represent the outcome of the photochemical tramsfbon.
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2 eq LiBH,
MeCN, 1.75 h

hv
MeCN, 1.75 h

143 202 13%

Scheme 71

The yield obtained of alcoh@02 13%, was the same as that observed for ketd3e
when no reducing agent was used, entryct01, Table 3 suggesting that the

degradation pathway of the ketol#3 was indeed photochemical.

Table 3: [2+2] Photocycloaddition of vinylogous est 142 with reducing agents

o

hv
Reducing agent
MeCN

142 Oﬂﬂ\

- 143 - 202

Entry Reducing agent Equivalent(s) Time Yield of 143 Yield of 202

1 - - 2h  13% -

2 NaBH 1 15h - 36%
3 NaBH 2 15h - 42%
4 LiBH ;2 1 1.75h -- 57%
5 LiBH ;2 2 1.75h -- 64%
6 LiBH 4’ 2 1.75h -- 71%
7 LiBH 4’ 3 2h - 60%
8 LiAIH ,° 1 15h - 0%

9 Zn(BH,)."° 2 15h - 19%
10 LiBH 2 2h - 13%

All reactions carried out at 0.04 M in AcetonitriiisleCN). aReducing agent added prior to degassing.

PReducing agent added after degassifiBeaction carried out in 9:1 MeCN:EthefReducing agent
added after photochemistry.

At this stage of the investigations into trappingemts, a recurrent by-product was
observed in less than 1% yield in the reactionaye scale reaction was undertaken to
isolate this material in quantities that could blyfcharacterized. The by-product was
identified as olefinic alcoh@04. Whilst this by-product represented a loss ofdyied
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the desired compound, it was present in very samtunts and was separable from the
alcohol 202 Indeed, the identification of this compound wasiseful result for the
work. It was deemed that this product was formedfthe predicted Norrish | cleavage
of the product keton&43 followed by disproportionationia a well-precedenteg-H
abstractiort® ®* 242 243Thjs olefinic aldehydd 93 could then be reduced by tiresitu
reducing agent to the isolated alcoB6K, Scheme 72This was in accordance with the
tentative observation of aldehyd®3in the initial photochemical trial§cheme 63p.

69.

q H O H o H Ho_H
- h 2N "o - -
v - N NaBH, N
S Norrish 1 N\y—<B— y-H abstraction T reduction e
O~  cleavage H o~ and o._- o~
143 H disproportionation 193 204

Scheme 72

As sodium borohydride in acetic acid media had lmpested as selective for aldehydes
over ketone$!® it was postulated that using sodium triacetoxyhgdvide could trap
out the Norrish degradation prodd@3in preference to ketored3 Scheme 73 (bEf.
(a). This would allow the product of this reactionlte altered merely by changing the

nature of the reducing agent.

O (0] OH
hvy A H
(a) —_ | T~ | e >
[2+2] < Reduction of S~
o) . o - ketone o °
142 ﬂ/\ LiBH,4 N N
143 202
(o) O ? OH
hv, H hvy H A
(b) -\ [y | TN
[2+2] ~ Norrish | = Reduction of <
o °: ) - aldehyde y -
142 O%\Na(OAc)ssH - o= y o_ -
143 193 204
Scheme 73

However, when the irradiation of vinylogous esfgf2 was carried out with two
equivalents of sodium borohydride in the presenitsix equivalents of acetic acid,
entry 1,Table 4, an 18% yield of the usual reduced photoadditimupct202 was seen
and only a trace amount of the reduced Norrishgratation produck04 was isolated
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(<1%). The reaction was attempted with commercaalilam triacetoxyborohydride,
entry 2, Table 4 However, whilst the yield of the reduced photdisation product,
alcohol202 was better than when the sodium triacetoxyboratgdvas formedh situ,
only minor traces of Norrish cleavage alcol&fl4 were observed (<1%). Sodium
monoacetoxy borohydride was utilized in this reattas it was quoted as more reactive
than the sodium triacetoxyborohydride in some sysfe® *°but neither alcoha202

nor alcohol204 were observed when it was used, entryahle 4.

Table 4: Attempts to trap out Norrish | cleavage poduct 193 from the [2+2]
photocycloaddition of vinylogous ester 142 with regicing agents

OH OH
H H
(0] 8 S
hv \ ) versus \
R o
o~ -

2 eq reducing agent

[e) MeCN
142 K/\\\ 204 202

Reduction of Reduction of
aldehyde 193 ketone 143

Entry Reducing agent Time Yield of 204 Yield of 202

1 NaBH(OAcE*® 15h <1% 18%
2 NaBH(OAck*® 1.5h <1% 40%
3 NaBH;(OAc)* 2h - -

All reactions carried out at 0.04 M in AcetonitriieCN). *Reducing agent added after degassing.
®NaBH(OAc) formed in situ from two equivalents of NaBHand six equivalents of acetic acid.
‘NaBH(OAc); purchased from Aldrich.

Ultimately, as a readily available, easily handieducing agent, lithium borohydride
was deemed a perfect reagent for itheitu trapping methodology, and conveniently,
whilst a number of unusual reagents had been ipatst, it was this commercially
available reagent that afforded the best yield, ,/a8try 6,Table 3.

For investigations into the optimal solvent for thew tandem photocycloaddition-
reduction, it was decided to use ‘standard’ phatogical solvents such as acetonitrile,
hexane, benzene and dichloromethane, alongsderopanol. Iso-propanol was
proposed as it had been used in the one previoasmi@g of sodium borohydride
employment in photochemistfy® Benzene and hexane afforded successively lower

yields of alcohoR02 when they were used as the solvents, 52% and 2&pectively,
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entries 2 and 3Table 5. These results are both likely to be due to thar golubility of
the reducing agent in these solvents. Solvents sashiso-propanol and
dichloromethane, afforded much lower yields thagt@auaitrile, entries 4 and Fable 5.
Precluding water from the reaction did not incretieeyield of the reduction, entry 6,
Table 5 From the solvent screen, the best results acthiessge in acetonitrile (71%),
entry 6,Table 5, and acetonitrile:water (3:1), (72%), entryTAble 5, fairly mediocre

yields were found with all other solvents used {&2%).

Table 5: Solvent screen in [2+2] photocycloadditionf vinylogous ester 142 with

LiBH 4
o
& .
2 eq LiBH,

142 © N\
Entry Solvent Yield of 202
1 Acetonitrile 71%
2 Benzene 52%
3 Hexane 28%
4 iso-Propanol 39%
5 Dichloromethane 20%
6 Dry acetonitrile 63%
7 Acetonitrile:water (3:1) 72%

All reactions were carried out with two equivalehiBH 4 (added after degassing) at 0.04 M.

The interpretation of the exciplex as a dipolaraagement of the two reaction
components indicates that in a polar solvent, tpeldrity of the exciplex is increased
to the point where ions can form from direct electrtransfer® The decrease in

exciplex binding energy is offset by the new Coubin attractions® so the

cycloaddition can take place from a lower energgifex, and should be favoured by
polar solvents. The exciplex mechanism can sthetalace in non-polar solvents,
through a much ‘tighter’ complex, but with no stedaition from the solvent the energy
barrier is much higher. The variation in exciplexnhation with solvent polarity, led to

the prediction that the photocycloaddition wouldrbere likely in polar solvents where
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pre-arrangement of the dipolar components waslitadhj but this was not borne out in
the trends and yields observehble 5 This was probably due to the fact that the
solvent had major effects in several other areashef reaction. For example, in
instances where the reducing agent was poorly Eoiatihe solvent, apart from leading
to poor reduction of the product, a cloudy disperdormed. This borane salt dispersion
could have acted as a partial light filter, slowihgwn the photochemical reaction and
increasing the time that the vinylogous e<sté? was exposed to the reducing agent —
further decreasing the yield of ketohd43 In addition, different solvents convey their
own photochemical profile to the irradiated syst&mr. example, usingo-propanol as

a solvent did not merely increase the polarityhaf $olvent, but it also provided a route

of product degradation through H- abstraction fthensolvent.

For the desired intramolecular transformation, cbecentration had to be kept low to
minimize competition from intermolecular reactiondJnfortunately, at Ilow
concentrations, the reduction rate of chromophketmonel43 to photostable alcohol
202 is slowed. The concentration also needed to bk that the reducing agent was
dissolved. It was therefore necessary to balareedghction concentrations to favour the
reduction of ketond43 but not to force the reduction of the vinylogosseel42 and

to favour quick photoreaction. Additionally, if tlo®ncentration was too low, then the
reaction became less synthetically viable. A taklconcentrations was undertaken to
see if the 71% vyield could be improved upon withextending the reaction times or
dilutions too adversely. Reducing the concentratibtine irradiation below the standard
0.04 M, increased the yield of alcol#2 entries 1 and 2f. 3, Table 6. However, no
significant difference in the yield was seen betw8e)1 M to 0.02 M. Increasing the
concentration to 0.08 M significantly decreasedytieéd of alcohol202 entry 4,Table

6. This was probably due to increased reductionimflegous estefi42 and increased
‘clouding’ of the solution, slowing the time to celation, lengthening the time the
ketone 143 was further exposed to irradiation, and furthetugng vinylogous ester
142 The best yields were thus achieved with a 0.020Mtion of vinylogous esteir42,
entry 2, Table 6, affording 79% of alcohd02
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Table 6: [2+2] Photocycloaddition of vinylogous est 142 with LiBH4

O

hv
2 eq LiBH4
MeCN

142 Oﬂﬂ\

Entry Concentration (M) Timelif) completion Yielzdozof 202
1 0.01 1.75h 78%
2 0.02 1.75h 79%
3 0.04 15h 71%
4 0.08 2h 12%

All reactions were carried out with two equivaleafd.iBH, (added after degassing) in acetonitrile.

It was deemed necessary to establish where theofogeld in the model reaction was
occurring. If the vinylogous ester substra#? was sensitive to reduction by lithium
borohydride it would form the alcoh@03 and would not undergo the enone-mediated
photocycloaddition. Therefore, in order to detemnthe extent to which vinylogous
esterl42was reduced throughout the course of the readtiargs stirred in acetonitrile
without irradiation in the presence of two equivddeof lithium borohydride for two
hours,Scheme 74 There was 96% starting materted2 recovery from this reaction,
therefore indicating that the loss of yield in th@rent best conditions (21%) was not

wholly from reduction of the vinylogous estbt2

O @) OH
2 eq LiBH, Not observed
MeCN, 2 h
0] o O
142” N e\ N

96% 203

Scheme 74

The isolated product of the situ hydride trapping was alcoh@02 To determine if

alcohol202 was sensitive to column chromatography, 100 mg neasbjected to flash
chromatography. Around 16% ‘loss’ to the silica gelumn was observed, entry 1,
Table 7, implying that some of the losses observed inptevious trials had indeed
been due to isolation rather than just the reagbiaiile. The losses to the silica-gel

were possibly from an unidentified fragmentatiorthad strained cyclobutane, promoted
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by the inherent acidity of the silica. Alternatiyethe strained alcohd02 may have
had a strong interaction with the silica gel andetyeremained adsorbed rather than
eluted. This prompted an investigation into puafion techniques. Firstly, the crude
reaction mixture was examined. Simple work-ups watempted but it seemed that a
large proportion of the alcohd@02 was lost in washes, whether neutral, basic or
acidified solvents were used, and the recoverecemaatwas not clean. The crude
reaction mixture needed to be subjected to flagshnshtography to remove the borane
salts as well as the recurrent Norrish | by-prodaicbhol202 that prior reducing agent
trials couldn’t eliminate. A sample of the isolatalitohol 202 was subjected to flash
chromatography in various other stationary phaseastertain if the loss could be
minimized. When alumina and fluorosil were implerteehas stationary phases, the
recoveries of alcohoR02 were dramatically lowered, entries 2 and Table 7.
However, when base-neutralised silica-gel was implged, along with a base-

neutralised eluent, the recovery of alcoR@2 was improved to 89%, entry #able 7.

Table 7: Flash chromatography of alcohol 202

Entry Gel Recovery of 202
1 Silica 84%
2 Alumina® 29%
3 Fluorosil 34%
4 Silica®  89%

Various stationary phases were investigated irhftdgomatography and were carried out with an é¢luen
of 20% ethyl acetate in petroleum ethi&luent of 10% ethanol in ethyl acetate was requicetbolate
alcohol 202 from this stationary phas&\eutralized with a solution of 1% triethylamine qarito, and

during, chromatography.

Across the flash chromatography systems trialledy silica-gel had proven useful,
particularly when used with a basic eluent, thusagtion was carried out, followed by
the modified method of purification. This increaséeé yield of alcohoR02 to 83%.
Thus the optimum conditions to isolate the prodfroim the enone-olefin [2+2]

photocycloaddition were therefore defined at thisge as a 0.02 M solution of
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vinylogous esterl42 in acetonitrile, degassed and then two equivalemtfithium
borohydride should be added. Immediate irradiation 105 minutes at this stage
afforded the alcohol202 in 83% after flash chromatography, employing a 1%
triethylamine-neutralised silica-gel column andegiu Further optimization of the yield
was not deemed likely due to the potential insighif the product and inherent losses
during chromatography, Hence, investigations inkieraative reducing agents and

purification was halted here.

With these conditions in hand, a broader rangamflegous esters were synthesized to
probe the scope of this reaction. This was a vemgortant step to carry out as
photochemical reactions can be frustratingly sabstspecific. A range of vinylogous
esters were synthesized analogously to the modepeconds142 and 144, i.e. by
condensing either 1,3-cyclopentanedione or 1,3etyetanedione with the appropriate
alcohols, in yields ranging from 73-95%able 8. Substrates were chosen to substitute
the olefinic tether terminally, entry Table 8 and internally, entry 2Table 8 to
substitute the alkene in the enone system, entiaBle 8, to increase the tether to the
terminal olefin, entry 4Table 8, to increase the ring size of the enone, entiyabje 8,
and to create more complex tethers that could m®tktracyclic products, entries 6 and
7, Table 8

Table 8: Synthesis and photochemical reactions ofnylogous esters

A hv Ket
0 o \ MeCN etone
Ry pTSOH Ry
< + HO—R, <
n "o N o0-R,
Photochemical substrate
‘ B hv
2 eq LiBH, Alcohol
MeCN
Entry n R; Ry Photochemical Ketone from Alcohol from
substrate route A, yield route B, yield
(€] [e] OH
@ o A
1 1 H L - v% @.H @FH
(@) (0]
205 95% 206, 0% 207, 78%
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O (@] H
2 1 H ﬁmﬁg %/\ @\
0 o)
209, 09

208, 58% , 0% 210, 71%
(0] o} \ OH\
3 1 Me s~ @//
o o | H o "
211, 95% 212, 50% 214, 72%
(0]
4 1 H @j
O
215 88% 217, 46%
(0]
S 2 H Ny @J
(@)
150, 75% 218, 5996
O
6 1 H @v @
e o
219 220, 88% 224, 7296
o] O Wy HQ py
7 1 H @A‘a @ : @
o] o H o H
226 227 91% 228 0% 229, 24%

All irradiations were carried out to complete comgtion of the vinylogous estef2:1 mixture of
inseparable diastereomers isolated (see t&Alcohol 219 was synthesised from the commercial
carboxylic acid in 87% vyield.°One diastereomer of undefined stereochemistry at @8% De Mayo
fragmentation produ@23also isolated (see textjl:1 mixture of inseparable diastereomers isolaseé (
text). A further equivalent of LiBH was added at three hours of irradiatioBAlcohol 226 was

synthesised from the benzyl alcohol in 90% vyield

Photochemical reaction of vinylogous est2@b and 208 entries 1 and ZTable 8
showed the impressive scope of utilizing the medificonditions. Without the
conditions, ketone®06 and 209 could not be identified or isolated from the crude
reaction mixtures. However, once the modificatiorese implemented, the analogous

alcohols207 and210 could be afforded in good yields. Vinylogous es&t1 and215
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showed more moderate increases in yield, but resleds, increases were observed,
entries 3 and 4Table 8. Interestingly, a methyl substituent on the enaimrded the
ketone212 in much higher yields from irradiation without tmeodified conditions,
entry 3,Table 8 It was postulated that this may be due to the¢ tlaat the hindered
tertiary radical213 formed froma-cleavage toward the methyl substituent would be
more stable, longer lived, and could perhaps recoebather than lead to degradation

productsScheme 75

0
@/ hvy
O\J
211 212
50%
Scheme 75

Transformation of vinylogous estd50 to ketonel51, entry 5,Table 8 was in the
literature as a successful reaction taking plac@7i# yield at 82% purity* However,
this yield and purity was estimated from gas chrmgiaphic analysis and not actually
isolated material so the reaction was chosen feestigation. It was found that the
maximum yield obtainable of this ketod&1 was only 28%. For this example there is
minimal diastereoselectivity of the reduction ardohol 218 was an inseparable 2:1
mixture of diastereomers, obtained in a combinedldyiof 59%. Again, three-
dimensional modelling of the ketod®&1 was useful to deduce the cause of this. Ketone
151 was far less rigid than the five-membered ringl@zes, with the six-membered
ring able to flip into two different conformationScheme 76 The two interconverting
conformations rendered the subsequent reductionypd@stereoselective. The major
diastereomer was tentatively assigne@B8adue to similarities between the chemical
shifts and coupling constants 2£8ain *H NMR to other isolated substrates.
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218b

ab2:1
Combined yield of 59%

Scheme 76

The irradiation of vinylogous est2P0was the first of the reactions to afford tetrawycl
products, entry 6Table 8 One diastereomer of ketoA21 was isolated in 13%, but the
relative stereochemistry at carbon 9 was uncert8inglet-mediated reactions are
concerted and all bonds are formed in the samearnst inferring strict
diastereocontrol. However, the enone-olefin [2+@ptocycloaddition is nearly always
triplet-mediated, and is thus usually non-conceridds means that there is a time-gap
between the first and second bond formations thrat the cyclobutane ring. This gives
the molecule chance to rotate bonds and creatednstereochemistries at the newly
formed radical centresscheme 77 As both diastereomers were theoretically possible
from this transformation, but only one diastereomvas isolated, it was postulated that
the other diastereomer was more prone to degradaither through photochemistry or
other means, and was not isolated. Ket2@& was an oil and, as such, could not be
crystallised for X-ray crystallographic analysis.

221 ~Tetrahedral Planar Tetrahedral | 221

13%
One diastereomer -
undefined at C9

Scheme 77
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Tricyclic compound223 was also isolated in this reaction, also as ondemtfied
diastereomer, in 13% yiel&cheme 78It was postulated that this fragmentation was
from the decomposition of a different diastereowfdtetone221, which would account
for why only one diastereomer of both tetracy2®l and tricycle223 were isolated.
Tricyclic ketone223 could have originated from the De Mayo fragmenptatof the
tetracyclic ketone221, followed by quenching of the resultant cat@2?2 with water,
Scheme 78As only one diastereomer of tricyd23 was isolated, this suggested that
water attacked only from one face of the intermitteation222 Tricycle 223 was a
paste, thus crystallisation was not possible ared riative stereochemistry of this

molecule was not defined.

o o} O‘) i
Hy H
hv S < H H
_—
0 o 5
220 1@ . o\~ H20% °
221 223 13%
De Mayo One diastereomer -
fragmentation undefined stereochemistry

Scheme 78

The alcohoR24 was isolated in 72% from the irradiation of vingtus este20 under
reducing conditions, entry Table 8 In this instance, at three hours of irradiatithre
ketone produck21 could be seen by TLC. Therefore a further equivadé LiBH, was
added and irradiation continued for a further tvawuis until all vinylogous este220
was consumed. Two diastereomers of alcakd were isolated, representing both
possible stereochemical configurations of carbam & ratio of 1:1. In contrast to when
the reaction was carried out without a reducinghggbe De Mayo produ@23was not
isolated, and neither was its reduced fa&2@5 Scheme 78 This suggested that the
reduction of keton@221 was more rapid than the De Mayo fragmentation. Uty of
the modified conditions were therefore further bevsd in that, not only were
photochemically-mediated secondary pathways haltet],by removal of the carbonyl,

other unwanted side-reactions could also be abedgat
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O OH

1. hv, 2 eq LiBHg, 3 h H H H H
\ Z @ 2.hv, 1 eqLiBH,, 2 h < HO HO

O O R
220 N o o)
224 223 225
Two diastereomers - Not isolated
mixed at C9
Scheme 79

The second tetracyclic alcoh®29, entry 7,Table 8 was of particular interest. Whilst
the yield of the alcohoR29 at 24%, was fairly mediocre, the analogous ket22@
could not be isolated without the use of the medificonditions. Furthermore, six
contiguous stereocentres had been set from anabshibstrate, simply synthesized in
two steps from commercially available mateffdl,Scheme 80 Similarly to the
irradiation to afford the other tetracyclic alcol2@4, a further equivalent of LiBlHwas
added at three hours of irradiation, when anotloenpound, postulated to be ketone
228 could be seen by TLC.

Q HH hv o . HQ HH
: 1.hv, 2 eq LiBHy 3 h E
- .~
; 2.hv,1eqlLiBHy 2h
O~/"H @ H
228 227 229
Not observed 24%

Scheme 80

The stereochemistry of alcoh®29 was assigned by established trends and achievable
bond angles of the strained 5,4,5,6-ring system.

The solvent, concentration, identity and initialue@lents of reducing agent for the
irradiation of all the vinylogous esters were takiectly from the optimization of the
photochemical transformation of vinylogous esiel2 to alcohol 202 (0.02 M in
acetonitrile with two initial equivalents of LiB){ Thus, there is potentially scope to
increase the yields somewhat with further optiniarabn a case-by-case basis. It was
not felt that such optimization was necessary igtstage as these reactions had proven
the concept and illustrated the potential scopethig tandem photocycloaddition-
reduction methodology.
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With the success of the olefinic vinylogous estevdel 142, the hydride trapping
methodology was turned towards the elusive cyclafait scaffold from alkynyl
vinylogous estefl44. However when the alkynyl vinylogous esfie¥4 was irradiated
with the reducing conditions, the same alcohol pobés that isolated from the olefinic
vinylogous estefl42 photochemistry was isolate#02 in 12% yield,Scheme 81This
product was formed, as in previous reactions, fritm@ hydride reduction of the
carbonyl in the photocyclisation produb43 but in this case, prior photoreduction of
the double bond of the cyclobutehid5 had been observed. A similar photochemical
reduction was reported by Manciei al*’ as H- abstraction from the solvent, seen in
Scheme 17p 28.

(6] OH
(e} H H
é% § hv Photoreduction A Hydride reduction :
o 2 eq LiBH, O\\ : o
MeCN, 19 h N N
144 145 143 202 12%

Scheme 81

Carrying out the reaction in hexafluorobenzenelitnieate proton abstraction from the
solvent was not successful, and no identifiablelpets could be isolated, it seemed that
without the photoreduction, the 1,4-unsaturatedtesysunderwent photochemical

degradation before the hydride-reduction could tzlkee.

Although the yield of alcohak02 was low and the cyclobutene prodddis had been
photoreduced, the results were deemed somewhatigingnmas they showed that the
photoproduct145 could be formed, and it was merely necessary op she side
reactions. It was postulated that if the reductioh the double bond was
photochemically mediated and therefore occurredsivtiie carbonyl was in place, then
this could be avoided by merely removing the caybdry a more rapid means.
Alternate trapping conditions for the vinylogougseesalkyne systermi44 would be

identified from explorations with the vinylogouge&salkene analogub42
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Alternative trapping methodologies for vinylogous ster 142

Having determined that hydride reducing agents essfally prevented secondary

photoreactions in the photocycloaddition of a ranfjeyinylogous esters, by reacting

selectively with ketones, it was considered whaebteagents could be employed in a
similar manner. The [2+2] photocycloaddition of théial vinylogous ester modél42

was chosen to test potential alternative trappgents.

To determine the reagents that would react witlrk®143 in the course of the model
photochemical reaction, it was decided to carry Sotple trapping reactions directly
with the isolated keton®43 without irradiation. In order to do this, largguantities of
ketone 143 were required than could be provided by the dirdet2]
photocycloaddition, therefore alcoh®02 now available in increased amounts due to
the newly modified conditions, was oxidised withsBeMartin periodinane to ketone
143in good yield Scheme 82

O

OH
H H
~__ Dess-Martin periodinane
S Pyridine O\\\ :
N 84% N
202~ 143
Scheme 82

Small scale experiments were carried out in detedracetonitrile and analysed ty
NMR to identify different species that might ‘tragiie carbonyl in keton&43 The
screens were carried out by adding just 1.2 eqgemialof the potential trapping agent to
ketonel43in deuterated acetonitrile and emergence of tlve preduct monitored by
'H NMR, Table 9. In the event that the trapping event was slow eguivalents of the
additives were added to the ketd¥8 and, again, the reactions were monitoredHby
NMR. In line with the intentions set out in the ainketonel43 was reacted with a
range of nitrogen nucleophiles, sodium bisulfitel @odium metabisulfite antiable 9
summarises the best conversion achieved for eagené Attempts to react ketohé3
with hydraziné®! and pyrrolidiné® trapped around 20% of the ketone after six hours,
entries 1 and ZTable 9 This was not deemed a suitable timeframe for susmall
amount of trapping. Additionally, prolonged expasuo ten equivalents of pyrrolidine
led to overall degradation. When ten equivalentshydroxylaminé® were utilised,
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after six hours there was just 30% conversion t@wa product, which, again, was not
deemed a suitable conversion for trapping methagedoin photochemistry, entry 3,
Table 9. These results were not deemed useful as sudmndicant proportion of the
untrapped keton#43in the equilibria of the trapping event would eteely lead to its
photochemical degradation during irradiati®@cheme 83Acid was not added to these
trapping reactions to enhance the proportion gipreg because the vinylogous ester
142 was not stable to acidic conditions, and it wastylated that acid would favour De
Mayo fragmentation of ketorid3

(0]
i H
th a hV2
// — = — > Degradation
0 - o) B
- N

NyH,

142 143
#

Scheme 83

When morpholing”’ was used in ten equivalents, entryTdble 9, in just thirty minutes
there was almost complete conversion to a new ptod8odium bisulfite and
metabisulfite were also utilised to ascertain #&yttwould complex well to the strained
ketone?®® Gratifyingly, just 1.2 equivalents of sodium mesafifite formed a new
product as 87% of the reaction mixture in thirtynotes, and just 1.2 equivalents of
sodium bisulfite appeared to form just one prodaocthirty minutes, entries 5 and 6,

Table 9.
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Table 9: Screen of trapping agents for ketone 143
0

H
& Trapping agent 42 hped product
N d3-MeCN 230
143
Entry Trapping agent (eq) Time Ratio of ketone 143:230
1 Hydrazine (10) 6 h 80:20
2 Pyrrolidine (10) 6 h 80:20
3 Hydroxylamine (10) 6h 70:30
4 Morpholine (10) 30 min 1:10
5 Sodium bisulfite (1.2) 30 min--:1
6 Sodium metabisulfite (1.2)10 min 13:87

®Ratio determined frorH NMR. "Degradation of products witnessed after longer giamours.

As there was no literature found on the reactiomofpholine or the bisulfite reagents
with similar vinylogous esters, it was deemed thatrpholine and both bisulfite
reagents could be added to the photochemical ozatti determine if the trapping
reaction would sufficiently ‘protect’ the ketodd3from secondary photoreactions.

Morpholine was added to vinylogous esfgl2 and the solution was irradiated until
vinylogous estel42 could not be seen by TLC. This took four hourg, unfortunately
only recovered starting materidld2 was isolated (20%). This indicated that the
vinylogous estefl42 rather than the ketored3 was being reversibly trapped by the
morpholine and that the desired photochemical imaetas being prohibitedscheme
84.

O (0]
()T .
N N. OH =
// 10ed H v, 4h _ Q /
o :
142 v N
20% recovered after 4 h 143

Scheme 84
When either sodium bisulfite or metabisulfite wadkled to the reaction the result was
the same for either reagent, in that, complete atigion to unidentifiable products

occurred after two hours of irradiation, with 112ten equivalents. This could be due to
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reaction of the compounds with the vinylogous est&xor the ketond 43, followed by
further degradation, or because degradation wast@usrapid to be trapped by the

reagentsScheme 85

(o) hv r 7 9
NaHSOg o o\\S/OR o S oR
H <

// Na25205 = HO o HO

o - MeCN, 4h - Or
N o - o) o
142 N
= 143 -~
?
\5\ O/ R Degradation
NaHSO3 products
or |
Na28205 o
R =HorNa

Scheme 85

Morpholine and the bisulfite reagents had all bedentified as potentially useful
trapping agents from screens undertaken on thatesblketonel43 An alternative
approach was to use reagents that were known tt vath ketones, but would be
analysed for poor reactivity with vinylogous esigf2 For example it is well-known
that Grignard reagents react with ketofi@sSpecifically, whilst the reaction of a
Grignard reagent with vinylogous est@0to alcohos 231was not foundScheme 86
the addition of a Grignard to a range of keto882 was reported as rapid (1 — 2 h),

affording a variety of alcoho®33%*°

0
HO_ R fe)
= Vari HO. R
{? ,,,,, RMgBr . Q R = Various & RMgBr é
. - . 1-2h }
2300°R 231 O-R 232 233
Not found
Scheme 86

Therefore, vinylogous estdid2 was exposed to methyl magnesium bromide for four
hours,Scheme 87 TLC analysis showed no reaction of vinylogouse$t2 after this

time.
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Scheme 87

142

This indicated that in the maximum observed timkscdor the [2+2]
photocycloaddition,i.e. two hours, the Grignard reagent would not reacthwi
vinylogous ested 42 As Grignard reagents were known as reactive tdsvéietones,
the trapping reaction was carried out without testihe methyl magnesium bromide
with ketone143 Owing to the use of the moisture sensitive Gnigneeagent, the
photochemical reaction was carried out in a noadidlvent for photochemistry,
namely, anhydrous diethyl ether. When the [2+2]tpbycloaddition was carried out in
the presence of the Grignard reagent, 10% vinylsgester142 was recovered,
indicating that, although the Grignard was poodgative towards the starting material,
the photochemical transformation to ketd8 itself was not optimal in this solvent

system Scheme 88

0 H
MeMgBr H HO;% g
- —
\J Anhydrous Et,0 . —
o -

Not seen

— 143 -~
10% recovered Not seen

HO

MeMgBr éj

0]

Not seen

Scheme 88

Attention was turned to a different reaction tHadwed selectivity between vinylogous
esters and ketones. There was sparse literatutheolVittig reaction of vinylogous
esters234, but there was evidence that the reaction of phags ylides with cyclic
ketones235 should take place in between thirty minutes anal lvours to afford alkenes
2367°° Scheme 89
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Not found

R =Various

Scheme 89

This was taken to suggest that phosphorus ylidagduaot react with vinylogous ester
234 and could potentially trap out ketone®35 instead, during the [2+2]
photocycloaddition. The methyl phosphorus ylide whesen as the trapping agent to
minimise any potential steric interaction that ntigletard the trapping reaction.
Trialling the trapping agents with vinylogous estdf and ketonel43 had not proven
successful so it was decided to test the phosphdides directly in the photochemical
reaction. One equivalent of the phosphorus ylide added to the vinylogous estef2
and the solution irradiated for four houS¢cheme 90 No trapped produc236 was
isolated,Scheme 90and the vinylogous est&A2 was recovered in 6%. This suggested
that, as in the reaction with Grignard reagents|sivthe trapping agent had been poorly
reactive towards the starting materldl2, the use of anhydrous ether as a solvent had
adversely affected the desired photochemical reacticheme 90

CHZ—PPh3 I H
_ 8
// Anhydrous Et,O ~

4h o - o

142 - 143 — 236
6% recovered Not seen Not seen

CH,=PPhg é J
. 7 !

N
Not seen

Scheme 90

The investigation into alternative trapping agents the intramolecular [2+2]

photocycloaddition of vinylogous esters was haltexte as no reagents had been
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successful in trapping out an isolable analogu&etdnel43 Attention was instead
turned to intramolecular systems that demonstréted[2+2] photocycloaddition of
enones with olefins. The intermolecular reactionviofylogous esters in discussed in

2.1LiLiv..

2.i.ii.iii. Intramolecular [2+2] photocycloaddition s with enones

As discussed irR.i.i., it was envisaged that the hydride reducing agémas had
successfully trapped the ketone products from iataxh of alkenyl vinylogous esters
could be used to trap out the ketone products fsonpler enone systems. The [2+2]
photocycloaddition of the carbon analodi#6 of the alkenyl vinylogous estéd2 was
successful in the literature in 92%, Sseheme 49p. 61, but the carbon analogb@of
the alkynyl vinylogous estef44 had quite a different photochemical profile. As
previously described, investigations into the imtodecular [2+2] photocycloaddition
between the enone of a cyclopentenone system &rchanal alkyne have been carried

out by Manciniet al,*” Scheme 91

o
OH O O
O e éz%i@%i@@
MeCN E
N

2% 12% 8% 56% 22%
64 65 66 67 68
[2+2] [2+2] and Photo- 1,3-Acyl 66 and Photo-  1,2-Acyl
Photocycloaddition reduction shift reduction shift and
fragmentation
Scheme 91

A variety of products that all derive from the iaitphotoadduc64 were identified.
Therefore, it was postulated, that if the photaatstiof the ketone in the photoadduct
64 could be removed, then secondary photochemicatioea would also be halted, and
the vyield of cyclobutene64 enhanced. The scaffold differed from the alkynyl
vinylogous ester model44, Scheme 48p. 60, in that it had no heteroatom in the
pendant group. It was envisaged that this reactiuid be carried out with the reducing
conditions, demonstrating the power of the reduciogditions by increasing the yield
of a known reactions that had previously suffereamf problems with secondary
photoreactivity. However, this substrate raise@wa challenge as there was expected to

be a lower level of chemoselectivity betweerenone 63, andp,y-enoneb4. Trapping
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trials of this reaction were to be carried out witle optimized trapping agent, namely

lithium borohydride, from studies with the vinylagoested 42

The synthesis of enor&3 was reported by Mancifil, Scheme 92 The iodo-pentyne
237 provided isolation problems due to its volatilibyt was prepared in 60% vyield, and
the cyclopentenon@38 was afforded in 85%Scheme 92! The procedure for
synthesizing the enor&8 from these two primary products was compfeand, whilst
repeated attempts were made, the synthesis of &3ona an activated zinc and copper

synthesis was not reproducible.

(0] 0]

i. PPhg, I

- Zn, TMSCI, e}

ii. NEtg Dibromoethane \
(6] 81% 237 | CuCN, LiCl \

é PPhz, imidazole, iodine | 4 63
HO - NN
238
Scheme 92

An alternative route to enottd was investigatetf” whereby the C-C bond was formed
via a Grignard reaction on vinylogous es289 with a TMS protected alkyne, followed
by hydrolysis and deprotectioBcheme 93

o
1. XMg(CH,)3C=CTMS
,,,,,,,,,,,,,,,,,,,,, >
2. H*
o
2390\ 3.mBy,F 63 =

Scheme 93

To this end the enon239 and silylated alkyn240 were synthesized in good yields
from commercial substrateScheme 94

0
i. "BuLi, -78 °C s
___Ethanol . "bull, - ‘ I
C|M// o ) C|M
pTSOH ii. TMSCI, -78 °C
77% 239 72% 240

Scheme 94
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However, reaction of the Grignard reagent with logpus esteR39was unsuccessful.
In similar systems, this had been attributed toGmignard reagent merely acting as a
base and forming the enolate of the carbonyl, itihipthe desired reactioff,Scheme
95.

/
g " Cl (o (o)} - HO = Sli/
/ \MMQ/ oY CIMg(CH3)3C=CTMS i
v E——

2302\ o o\
Scheme 95

There were many other desired systems with whichutiise the hydride-based
methodology, thus investigations into the synthesithe troublesome alkynyl enones
was terminated here, in order to investigate othestems. Investigations into the

intermolecular reactions of enones will be discdsSee.i.ii.v..

2.i.ii.iv. Intermolecular [2+2] photocycloadditions with vinylogous esters

The work thus far had focused on intramolecula2]33hotocycloadditions, due to their
proposed speed compared to the intermolecular euarts. However, the
intermolecular reaction would also provide accessntumerous useful products.
Attention was thus turned to the intermolecular tphbemical reaction of vinylogous
ester239 with alkynes, with they-tropolones as an ultimate go&8¢cheme 16p. 28.
Vinylogous ester239 was irradiated in a solution of hex-1-yne:MeCN2@3: and no
isolable products were afforded after extendediation to complete consumption of
vinylogous ester239 (twenty hours),Scheme 96 (a) This was promising for the
methodology as it was envisaged that adding a nmeduagent could trap out the
reactive 1,4-unsaturated produtl as alcohol242, Scheme 96 (h Unfortunately,
irradiation of vinylogous este239 in a solution of hex-1-yne:MeCN (3:22) with two
equivalents of lithium borohydride led to extendedction times (twenty hours) and no
isolable products were afforde8cheme 96 (a)At this juncture, the use of acetylene
was suggested, as an unhindered alkyne, but dtehmhly flammable and potentially
explosive nature, it was decided to validate thermolecular methodology with other

substrates prior to its use.
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o) Hexyne: MeCN
23907\ (3:22) O\
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O] HO
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@ R @ fffffffffff ’C@
(0] 2 eq LiBH
239 4
N Hexyne: MeCN OT o
(3:22) 241 24ZT
20 h = in situ -
Scheme 96

To determine if the slow reaction was particulaatkynes, vinylogous est&39 was
irradiated with hex-1-ene, cyclopentene and cyctehe,Table 10 The reactions were
lengthy and no identifiable material was isolatétes without or with the addition of a
reducing agent to the photochemical reaction, entti3,Table 10

Table 10: Screen of partners for intermolecular [22] photocycloaddition of

vinylogous ester 239, without and with LIiBH

0 A hv > Ketone product(s)
o g
239 o\ — eqh\liiBH4 Alcohol product(s)
Entry Partner Time Result of route A Result of route B
1 Hex-1-ene 19 h  No identifiable produdio identifiable product
2 Cyclopentene 12 h  No identifiable product No identifiable product
3 Cyclohexene 25 h No identifiable product No identifiable product

All irradiations were carried out at 0.02 M in 22.iMeCN with 3 mL of partner as a co-solvent until

complete consumption of vinylogous es289was observed.

The lack of identifiable material indicated thae thithium borohydriden situ trapping
was limited to the intramolecular reaction of viogbus ester substrates and that, for the
intermolecular variation, lithium borohydride coutet trap out the ketone products.
This was potentially due to the fact that over sextended times the vinylogous ester
substrates were being reduced and thus the [24&#ppycloaddition was not occurring,

although no compounds to corroborate this weraisd| Alternatively, the degradative

99



secondary photoreactions could just be faster tharborohydride reduction. With no
identifiable products identified from these reactipthis called a halt to investigations

into intermolecular reactions with vinylogous ester

2.i.ii.v. Intermolecular [2+2] photocycloaddition with enones

As they are very powerful reactions, intermolecula#2] photocycloadditions of
enones with suitable partners were also transfoomat that merited further
investigation. Alongside the use of reducing ageimt&as envisaged that the trapping
event would be favoured if it was intramolecularniature. Substrates were therefore
chosen that contained an hydroxyl in such a paositiat it would (speculatively) be
prevented from ‘closing’ onto the carbonyl whenan sf configuration243 in the
starting material, but was free to react with thebonyl in the product as an’dether

to form a five- or six-membered rirg#4, Scheme 97

o X o X Intramolecular o X
X = NH, or OH . hv ’ ) trap n
. | et - Nk
n=1,2 R 7R -
Scheme 97

Synthesis of suitable enone substrétég and 248 was undertakemia Pauson-Khand
methodology, with vinyl benzoate acting as an ethgl equivalent from an unknown
mechanism involving wateN-methylmorpholineN-oxide (NMO) and a low oxidation

state cobalt specié2® Scheme 98

(6{0)

Y o
Co(CO)s 0C co—CO NMO
— M oaw T e o Ho
=, oc M H,0/DCM n
245n=189% 247 n=174%
246n=294% NMO| DCM 248 n=252%
H,0 | Co (X)
)
i
Scheme 98

Whilst the synthesis of compoun#47 and248 was successful, none of the attempts to
utilise these species in photochemistry affordey ianlable materialTable 11 The
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enone was dissolved in a solution of the reactiaringer:MeCN (3:22) and irradiated
until complete consumption of the enone was witegdsy TLC. Each reaction was
carried out without and with two equivalents ohiitm borohydride for comparison to
the earlier hydride-based reducing agent condititrnespective of which enone was
used, whether the reaction was with alkenes oma&yor whether a reducing agent was
used or not, a complex mixture of unidentifiabledurcts was observed in every case
from analysis of the crudéd NMR and after column chromatography of the remcti
residue, entries 1 — Zable 11

Table 11: Screen of partners for intramolecular trgoping with enones 247 and 248,
without and with LiBH 4

O Xn
HO
0 A hv :
MOH+ Partner
OH

HO
247n=1 v, 2. /_/
248n=2 B 2 eqLiBHy a1

n=1or2

Entry n Partner Time Result of route A Result of route B

1 1 Hex-1-yne 1.75 h No identifiable product No identifiable product
2 2 Hex-1-yne 1 h No identifiable product No identifiable product
3 1 Hex-1l-ene 2h No identifiable product No identifiable product
4 2 Hex-1-ene 1.5h No identifiable product No identifiable product

All irradiations were carried out at 0.02 M in 22.iMeCN with 3 mL of partner as a co-solvent until

complete consumption of enoB47or 248 was observed.

These results indicated that incorporating a nydiéic ‘trap’ on the enone was not a
successful route to trapping out photoproducts fritrese types of reactions. In
addition, these results further supported the pressdeduction that lithium borohydride

in situtrapping was limited to intramolecular vinylogoester substrates.

It was also suggested that the trapping nucleogbildd be incorporated on the reaction
partner249 rather than on the enone. After irradiation, theleophile would be in
close proximity to the carbonyl in produ2%0, potentially trapping it as a stable adduct
251, Scheme 99
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Scheme 99

As discussed, it was known that the reaction oflapentenone and allyl alcohol
afforded products that were prone to secondarygubattions? > Scheme 15p. 27.
There was also literature precedent that the photiyets 252 and 253 from the
reaction of cyclopentenone with propargyl alcohadwd also undergo secondary
photoreactioné? Scheme 1001n the literature examples, 1,4-unsaturated let@62
and253 did not undergo any sort of intramolecular tragmirthe free hydroxyl, merely
undergoing a variety of Norrish | cleavages to dirals 254 and 255. The diradicad
254 and 255 could then degrade or, in the case2bb, rearrange tdorm ketone256,
Scheme 100Allyl and propargyl alcohol had therefore alredmben shown as unable to
stop secondary photoreactions by any intramolecubpping and, hence, were not
utilised in trapping studies.

hv

0 OH o) oH o)
>316 nm 9% overall yield of photoproducts
+ | T2en 252:253:256, 69:20:11
48h
253

252

HO
hv

>300 nm

hv
>300 nm

2 on 9 ?
. . OH
Degradation <—— q hv %
b >300 nm
254 255 256

Bond rotation HO

Scheme 100

Therefore, instead of allyl and propargyl alcoltog longer chain analogues, 3-buten-1-
ol and 3-butyn-1-ol were chosen for investigatialongside propargyl amine, to afford
a nitrogen nucleophile. Cyclopentenone was dissbivea solution of the reaction
partner:acetonitrile (3:22) and irradiated untihguete consumption of the enone was
witnessed by TLC. The crude reaction mixture waalyaed by'H NMR and then
subjected to column chromatography. When cyclopemte was irradiated with 3-
buten-1-ol as a co-solvent no identifiable mateniat isolated from the crude reaction
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mixture, entry 1,Table 12 The same result was observed when the analodiyrsea
3-butyn-1-ol, was utilised as a reaction partn#ording no isolable products after one
and a half hours of irradiation, entryable 12 When propargyl amine was utilised in
these reactions, a complex mixture of unidentigimoducts was afforded again, entry
3, Table 12

Table 12: Screen of partners for intramolecular trgoping with cyclopentenone
o}

Ho X
+ Partner: MeCN hv _
5oy 2 e
Entry Partner Time Result
1 3-Buten-1-ol 1.75 h No identifiable product
2 3-Butyn-1-ol 1.5h No identifiable product
3 Propargyl amine 12 h  No identifiable product

All irradiations were carried out at 0.02 M in 22.iMeCN with 3 mL of partner as a co-solvent until

complete consumption of cyclopentenone was observed

It appeared from these results that hydroxyl anthemucleophiles could not trap the

carbonyl, even if they were incorporated onto #ecting scaffolds.

Attention was now turned to the reaction of molesuhat contained their own hydride
“delivery system™® >%j e. enones were proposed that, through co-ordinationldc
deliver an external hydride to the carbonyl aftggsh@tocycloaddition had taken place
and a new configuration formed. For example, it Wwaged that enorn257, afforded by

a Morita-Bayliss Hillman reactioft> would be less able to convey a hydride to the
carbonyl when in <sp configuration, Scheme 101 However, once the
photocycloaddition had taken place to afford cyatabe258, the new sptether might
convey the reducing agent through a six-membereglthat is inhibited in the starting

enone257, affording alcohoR59,

R3”
o ©  ow OH By OH _on
& b O e | O | e - O
H™ "H  CHCla/ +R/ BR3H TR Intramolecular La
MeOH 257 258 delivery 259

63%
Scheme 101
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Triacetoxyborohydride had been quoted as usefusdich hydride ‘delivery’ and was
utilised in these reactiof$® However, disappointingly, when the eno887 was
irradiated in the presence of two equivalents diwwo triacetoxyborohydride and either
1-hexyne or 1-hexene as co-solvents, no isolalddymts260 or 261 were produced,
Scheme 102

OH hv hv OH
OH (6] OH
2 eq Na(OAc)3BH OH 2 eq Na(OAc)3BH f /
7 Hex-1-yne:MeCN Hex-1-ene:MeCN a
260 (3:22) 257 3:22) 261
4h 4h

Scheme 102

Previous attempts at nucleophilic trapping of tlaebonyl had been attempted from
utilising the enone and the reaction partner astridygping motifs, thus the hydride-
delivery hypothesis was also tested from the reagpartner262 as well as from the
enone. It was envisaged that an hydroxyl or amioeldc deliver the hydride
intramolecularly263 after the cycloaddition had taken place, to affatdohol 264,
Scheme 103

R3
0 X ~Bx OH
X
X = NH, OH é BB 2 G ) | Intramolecular delivery )
n=12 /// BR3H" n
262 263 264
Scheme 103

Similarly to known literature reactiod$,”?but with the addition of the reducing agent,
allyl and propargyl alcohol, as well as proparggtide, were chosen to attempt to
deliver the hydride from the reaction partner. ©peintenone was dissolved in a
solution of the reaction partner:acetonitrile (3:2&ith two equivalents of sodium
triacetoxyborohydride and the solution irradiatattilucomplete consumption of the
enone was witnessed by TLC. The crude reactionumgxwas analysed b{H NMR

and then subjected to column chromatography. Thetiolns were also carried out

without the reducing agent for comparison. Unfoatiety, no isolable material was
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afforded from any of the reactions, regardless loéther the reducing agent was used or
not, Table 13

Table 13: Screen of partners for hydride delivery wth and without Na(OAc)sBH

HO X
A hv )n
o 2 eq Na(OAc);BH
@ + Partner X=0orNH
o X n=1or2
B hv ) N
Entry Partner Time Result of route A Result of route B
1 Allyl alcohol 12 h  No identifiable product No identifiable product
2 Propargyl alcohol 12 h  No identifiable product No identifiable product
3 Propargyl amine 12 h No identifiable product No identifiable product
4 3-Buten-1-ol 1.5 h No identifiable product No identifiable product
5 3-Butyn-1-ol 1.5 h No identifiable product No identifiable product

All irradiations were carried out at 0.02 M in 22.iMeCN with 3 mL of partner as a co-solvent until

complete consumption of cyclopentenone was observed

Whilst a number of substrates were utilised thatewsostulated to provide six-, seven-
and eight-membered transition states in theseesdudbo identifiable products could be
isolated either from nucleophilic or hydride-deliyenethodologies. It appeared that the
degradation pathways were simply faster than thestuteted intramolecular

nucleophilic and hydride-delivery trapping reactoreven if this methodology had

been successful, it would not have been genericakyul to the synthetic chemist as it
required the ‘self-trapping’ moieties to be deswym&o the scaffold and in most cases

this would not be required or desired in the fimaltif.

Thus, this avenue of research was terminated at jtimcture. For further work,

alternative trapping agents would represent a rsa@meificant result as new reagents,
rather than modifications on the scaffold, are rfaore likely to be used by other
chemists in the bid to make photochemistry moressible.

It was interesting to note at this stage the langember of unsuccessful

photocycloadditions that had been witnessed. Thithér suggested that secondary
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photoreactions are indeed a widespread problerhatophemistry.

2.i.ii.vi. Ring fragmentation of photocycloaddition products

The successful hydride trapping reactions had pemlia variety of polycyclic
cyclobutanes, and it was envisaged that fragmemtati these strained structures would
provide examples of the use of photocycloadditiassearly steps towards complex
structures. Therefore, fragmentation of the tricyaling systems to afford more
ubiquitous structures for natural product chemistrgs investigated. Attention was
turned to the De Mayo fragmentation prod@28 — isolated in the purification of the
products of the [2+2] photocycloaddition of vinylmg este220 Scheme 78p. 87.
Similar 7,5 ring systems are present in a numbenatfiral product coresscheme
104237—239

R R
R2 R R, o)
. Ra RsO
1 OH H
o 0 0 HO
9 O (0] Rg 4
(6] (0]

Diterpenes from Sesquiterpinoids from  Sesquiterpinoids from 223
Tricholoma aurantium Crepis mollis Carpesium cernuum
Scheme 104

It was envisaged that the oxy-substituted stramgdiobutane rin@202 could be prone
to ring-opening to afford similar 7,5-rin@65 Scheme 105

OH
OH OH
H+
Various conditions __ Ring opening
o S .
N '.O\/: \/
202 265
Scheme 105

Therefore alcoho202 was subjected to a variety of conditions with gjoal of forming
new products, particularly the 7,5-ring syste268. Prolonged stirring of alcoh@02in
methanol led to no reaction, entryThble 14 The same lack of reaction was witnessed
when alcohoR02 was stirred with acid or base, even when the moluvas heated to

reflux for one week, entries 2 and Bable 14 Interestingly, although a proportion of
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alcohol 202 was ‘lost’ upon column chromatography, stirringttwiilica and even
adsorbing the alcoh@02 onto silica gel led to no reaction after one weskries 4 and
5, Table 14

Table 14: Attempted fragmentation of alcohol 202

OHH
S Various conditions .
—— > Fragmentation
Ové
202

Entry Conditions Result
1 Stirred in methanol, RT No reaction after 1 week
2 2 M HCl in methanol, RT — 7C No reaction after 1 week
3 5 eq NEt in methanol, RT — 7T No reaction after 1 week
4 Stirred in DCM with silica, RT No reaction aftemieek
5 Adsorbed onto silica, RT No reaction after 1 week

At this stage it was decided to synthesise a safiesthat could undergo a radical-
mediated cleavage. To this end, thioloformaé6 was synthesised from the alcohol
202%°® Scheme 106 Unfortunately, whilst the thioloformat@66 was the major
component of the crude reaction mixture, distingeis by*H NMR, it could not be
purified as it degraded under aqueous work-ups @idmn chromatography. The
intention was to submit this material to Barton Maibie conditionS’ to afford a
radical268 that could go on to fragment the 5,4,5-rk@y to other scaffoldsg.g.268
Scheme 106

DMAP
1 h, MeCN

266 267 268
Crude

Scheme 106

The crude thioloformat266 was taken on without further purification and whezated
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under Barton McCombf@’ conditions, complete consumption of the startinaterial
was witnessed in five hour§cheme 107A trace amount (<1%) of an unidentifiable
alkene was observed upon column chromatographyhefreéaction residuescheme
107, but the ring did not undergo fragmentation tonitffeable products in good yields

with this strategy.

1.2 eq BugSnH _Unidentified
alkene
NC%—NN‘-{CN
0.3 eq (AIBN)

1,4-dioxane, 105 °C

Scheme 107

It was postulated that the fragmentation would lmeenfacile if the alcohol 202 was
converted to a good leaving grougs9 favouring a Grob-lik&® or step-wise

fragmentationScheme 108

OH LG
|_H ey

“Functonal ‘ol / - </ ; ”””” . ?
Sl (‘5 - i L]
o = group O -
\—" interconversion © +0
202 269

Grob-like or stepwise
fragmentation
Scheme 108

Mesylate270 was proposed as a useful scaffold to provide aldeaving group for
cleavages that could lead to new ring systems aesylatior?>® of alcohol 202 was

successful in 80%%cheme 109

OH
H
a Methane sulfonyl chloride,
~~ 2.5 eq NEt, DCM
o~ 0°C - RT, 30 min

80%

Scheme 109
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The intention was to undertake fragmentation stidighe mesylate by subjecting it to
a variety of conditions to determine if the ringula fragment. However, heating of the
mesylate270 afforded no new products after conventional heatn85°C for sixteen
hours, entry 1Table 15 Subjecting the mesylag70to microwave heating resulted in
complete product degradation in two hours, entryTable 15 Activation of the
mesylate with Lewis acids such as silver trifldieron trifluoride, aluminium chloride
were all unsuccessful, entries 33ble 15 Upon conventional heating, the mesylate
270 underwent no reaction but once subjected to miavewheating, the onset of
degradation to a complex mixture of unidentifialpeoducts was observed in ten

minutes.

Table 15: Attempted fragmentation of mesylate 270

0
A
o 9
% Various conditions )
”””””””” Fragmentatlon
Civi
270
Entry Conditions Result
1 85°C, 16 No reaction
2 85°C, 2 Y Complete degradation
3 AICl3, 85°C, 16 B No reaction
4 AICl3, 85°C, 10 mift Partial degradation
5 AgOTf, 85°C, 16 i No reaction
6 AgOTf, 85°C, 10 mit  Partial degradation
7 BFs.EO, 85°C, 16 B No reaction

8 BFs.EO, 85°C, 10 miff Partial degradation

All reactions were carried out in acetonitril8eated with a stirrer hotplat€’Heatedvia a microwave

reactor.

A potential problem with this fragmentation was ttlthe lone pair of the oxygen
possibly couldn’t get into the correct alignmenthwthe anti-bonding orbital of the C-C
bond to initiate the desired fragmentation. Thiswadirect result of the orientation of

the 5,4,5-tricycle itself and was not deemed ‘sblga However, it was also suggested
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that the stereochemistry at carbon centre 7 waslgratic — it was postulated that the
bonding orbitals of the C-C bond that was targdtedreak could not get into the
correct alignment with the anti-bonding orbital the C-O bond,Scheme 110 To
attempt to solve the latter problem, it was decidedcarry out a Finkelstein-type
reaction to afford the iodid271 with concomitant inversion of stereochemistry e t

hope that this would make subsequent reactions faoile, Scheme 110

.O.ES%‘ESD t/ \ Acetone . o 6/‘6D

Scheme 110

The Finkelstein reaction was carried out and olerdourse of the conversion a new
product was observed by TLC. Mass spectrometryindigished a new compound
formed in the crude reaction mixture as approxitgadeuble the mass of the expected
iodide (527 cf. 264), Scheme 111 However, after column chromatography no

identifiable compounds could be isolated.

Unidentifiable

. compound
Acetone

50 OC 6h (EE) m/z = 527
m/z = 264

Scheme 111

This suggested that under the conditions utilisexl mesylate270 was reactive, and,
potentially, in some manner, a dimeric structures warming. This reaction was
repeated several times in an effort to afford isldaand identifiable material, but to no
avail. Whilst the results were inconclusive, as oompounds could be fully
characterised from this reaction, it did suggeat the ring was reactive and alternative
conditions or nucleophiles may afford an isolabkeful scaffold from a similar

reaction.

It was concluded at this stage that the alc@@il and mesylat@70 were very stable
compounds, but upon subjection of mesyld#) to the Finkelstein conditions an
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unknown reaction mechanism had afforded a produgbroducts that could not be

identified. Due to time constraints the fragmemtatof the ring system was not further
investigated but, in the future, alternative nuplates could be examined to ascertain if
they could afford isolable products from the metgyla
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2.i.ili. Summary

Work to date has proven that inclusion of a hydtidgping agent in a photochemical
reaction can prevent secondary photoreactions, iginmy previously inaccessible
cyclobutanesScheme 112This is the first example of the [2 + 2] photoloaddition

of these vinylogous esters and the first examplehef use of reducing agents in

photochemistry to minimise secondary photoreactfohs

0

O hv H HQ H

& 2 eq LiBH4 | CD
MeCN o ]

14207 7N

143
in situ ketone 83%

Scheme 112

Overall yields for vinylogous esters tested showsedmarked increase when the
methodology was use8cheme 113and the alcoholic products can be oxidized back t

the ketone in good yields, if desired, or impleneerds the alcohol.

207, 78% 210, 71% 214, 72% 217, 46% 218, 59% 224, 72% 229, 27%
(206, 0%) (209, 0%) (212, 50%) (216, 27%) (151, 28%) (221, 13%) (228, 0%)

Yield of corresponding ketone isolated in absence of reducing agent given in parentheses

Scheme 113

The fragmentation of these structures should besipleswith further investigation
towards complex scaffolds for natural products.

Whilst the hydride-based trapping agent solvessémondary photoreactivity problem
for reactions where reduction of a ketone is remliover a vinylogous ester in
intramolecular reactions, it probably would not édlie selectivity to trap out a ketone
in preference to a simple enone. To fully deternsakectivity of reagents, the carbon
analogous compound83 and 146 should be synthesized and irradiated with two

equivalents of LiBH for comparisonScheme 114
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63 — 146

Scheme 114

The hydride reducing conditions did not succesgfithp out any products from
intermolecular [2+2] photocycloadditions of eithvenylogous esters or simple enones.

The most worthwhile future goal of this project Wbe to develop a selective trapping
agent that can be used in all enone-based photmesevhere the latent photoactivity
of the carbonyl in the product prevents the reacliom widespread use.

To this end, it is felt that following strategiesorin irreversible and ketone selective
reactions may be useful. Ketones react with hydeP72 aminoxy 274 and
thiosemicarbazide compoun@y6® to afford stable conjugates as hydrazo8@s,
oximes 275 and thiosemicarbazon@37, respectively. Conversely, there is much less
literature on the reaction of enones with simil@agents, unless the enone is
incorporated into an aromatic systéii?®* Thus, reagents such as these may prove to
be a fruitful area of future investigatioBcheme 115They were not implemented in

this work due to time constraints.
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Ideally, future trapping agents would be commelgialvailable or easily synthesized
(one or two simple steps) and would be implementednter- and intramolecular

reactions, for both cyclobutane and cyclobutend¢hgges.

Initial studies into the fragmentation of the 5;4ifsg systems afforded from the tandem
photocycloaddition-reduction methodology were iegting. The results show that the
strained 5,4,5-ring system is stable in alcoP@2 and as mesylat270, Scheme 116
However, once subjected to sodium iodide the mes@a0 is reactive and can form
complex productsScheme 116 Unfortunately, the nature of the complex products
could not be identified at this stage. Further stigmtion into the identity of the
fragmentation product(s) from the 5,4,5-systemsl, @al of other nucleophiles could

lead to the formation of useful scaffolds for natyroduct synthesis.

OR
H I
~ Unidentifiable
§ compound
o= Aocféorgeh .o miz = 527
271
202,R=H .
T Structure is tentative
270, R'_ S03Me - not isolated
Stable ring systems
Scheme 116

In efforts towards fragmentation, it is the opiniohthe author that nitroge278 or
sulfur analogue®79 of the vinylogous esters used in the trapping istgiadvould be
interesting explorations. The vinylogous amid&& and vinylogous thioesterg79
would have a different reactivity towards reducaggnts and the lone pairs may behave

differently in fragmentation reactionSchemell17.
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Scheme 117

Future areas for the development of this work wadblerefore include synthesis and
irradiation of an intramolecular enone system &t the scope of the hydride-based
reduction methodology; development of trappingtetraes that are rapid and selective
in all enone-based [2+2] photocycloadditions, withth alkenes and alkynes; directed
fragmentation of the strained cyclobutane producfs the successful [2+2]

photocycloaddition towards natural products; and #ynthesis and irradiation of
vinylogous amides and thioesters under the new ciedu agent conditions.

Development of these avenues would further boldteruse of photochemistry as a

truly powerful method in synthetic chemistry.
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2.ii. Novel methods in cysteine modification

2.il.i. Aims

As discussed, maleimides are one of the most widelgd motifs for cysteine
modification. Upon reaction with cysteine residuesialeimides form stable
thiosuccinimide conjugate&80 in short time-periodsScheme 118 (a Molecules
labelledvia maleimide reagents can therefore not be regemkemtéeir native ‘pre-
labelled’ state. The hypothesis of the work destilin this text was based on the
incorporation of a leaving group, namely a bromide, the maleimide. This would
enable reformation of the double bond upon an emid&limination reaction with
cysteine,Scheme 118 (p forming thiomaleimidef81, rather than thiosuccinimides
280. It was envisaged that thiomaleimid2®1 might be reactive towards nucleophiles,
either to displace the cysteine (route A) or tojoconthree moleculevia a second
conjugate addition on the reformed double bondptm succinimide282 (route B),
Scheme 118 (b)

R
N
Ei Conjugate addltlon ﬁN/E[%

Cysteine 280

O

Q NucT N /i . o
By %ﬁi Ao simiion™ % fffffffff B R SJV%?R
i i

Cystelne o)

Scheme 118
Alternatively, addition of cysteine residues to rdimomaleimides283 would form

bromothiomaleimides284, which, upon addition of a further thiol, would rifio
dithiomaleimide285 Scheme 119
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If successful, these reactions would representva aygproach to the modification of
cysteine residues in proteins. If shown to be rabér, the modification would then be
applicable as a rival to disulfide formation fomgorary modification of cysteine

residues.

It was also postulated that the thiomaleimi@84 formed might be prone to a base-
mediated elimination to afford Dha motl86, Scheme 120such as those investigated
by Daviset al.*** It was envisaged that the thiol&87 would be a good leaving group

due to the electron withdrawing properties of theemide.

Scheme 120

Maleimides are excellent photochemical partneis variety of photocycloadditiort8”
196.2633nd have also been used as a photochemical fethiemmobilisation strategies,
151 see p. 42. Thus, it was envisaged that thiomatEimR281 might retain the
photoactivity that is well-documented for maleintitfé>* and that the motif could be
exploited for photochemical conjugation of cystedezivatives to afford cyclobutanes
288 Scheme 121 This would potentially afford a novel mode of pdehemical
bioconjugation for peptides and proteins that hdneen modified to contain a

thiomaleimide.

117



o o
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product
Scheme 121

It was envisaged that these reactions, if succkesafgmall molecule models, could be

transferred to polypeptides or proteins.
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2.ii.ii. Results and discussion for novel method® icysteine modification

In order to investigate the reaction of bromomaldenwith cysteine residues,

bromomaleimide289was synthesised according to literature prece@amteme 122°

O o) o
Br,, CHCl,, reflux Br NEts, THF 0°C to RT
| NH NH - | NH
2h 48 h,
) Br o) 59% over two steps Br o)

289
Scheme 122

In accordance with publications on cysteine modifing** 2%

a protected form of the
amino acid cysteind90was used as a model to determine the work’syfiit protein
and peptide conjugation strategies. The additiorrysteine290 to bromomaleimide
289 occurred quantitatively in five minutes in methiaradfording thiomaleimide291,

Scheme 123

Br
SH 289 O L NH
Methanol S
BocHN OMe = min. 100% ©
min, (0]
| BocHN OMe

o
290 2910

Scheme 123

It was discovered that when the reaction was cdraied from methanol some
reversion was occasionally observed to regeneradiendmaleimide in up to 30%,
presumably due to the HBr present. Henceforth, wthenreaction was carried out in
methanol, one equivalent of sodium acetate wasdatweuench the eliminated HBr

and halt any reaction reversion.

To ascertain if the reaction could be applicabletotein chemistry, it was deemed
necessary to carry it out in aqueous media. Aquéaldfers are utilised to maintain a
constant pH during the course of a reaction andtifers used in this work were 150
mM NaCl and 100 mM sodium phosphate. The additidn cgsteine 290 to

bromomaleimide289 was successful in buffers from pH 6 — 8 to fornortialeimide
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291 in five minutes in 100% vyieldscheme 124 This was deemed very promising as
such a rapid reaction in aqueous solutions sugddstEt it could be transferred to

protein chemistries with relative ease.

o)
o)
/\féNH
Br | NH
SH 289 O S
pH 6 - 8 buffer o
OMe OMe
BocHN 5 min, 100% BocHN
290 O 2910
Scheme 124

Polarimetry of the thiomaleimid291 showed that the stereogeniecarbon had not

been racemised during the addition.

As discussed, maleimides are widely used as a methaysteine modification. To
enable comparison, maleimide was reacted with #maescysteine290 to afford
succinimide292, Scheme 125This reaction was also complete in five minuteafford

a quantitative yield of diastereomeric thiosucciiies292

(0]
0]
SH NH
OMe + | NH Methanol S Y
BocHN 5 min, 100% OMe
o) (0] BocHN
290 2920
Scheme 125

As the reactions of maleimide and bromomalein28® with the cystein€290 were
both complete in five minutes, a competition reattivas carried out to determine the
relative reactivities of bromomaleimid289 and maleimide with the cystein290.
Cysteine290, in the presence of sodium acetate in methanad, tneated with a 1:1
mixture of maleimide and bromomaleimi@89, Scheme 126 The result was 7:3 in
favour of the thiomaleimid@91 compared to thiosuccinimid292, Scheme 126This

suggested that bromomaleimigl@9reacted faster than maleimide with cyste286.,
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Scheme 126

To determine that this was the kinetic and not termodynamic outcome of the
reaction, cystein@90 was reacted with bromomaleimi&89 and then treated with
maleimide ten minutes later. The only product ismafrom this reaction was
thiomaleimide291, Scheme 127 (a)ln addition, the reaction of cysteir#90 with
maleimide, followed by addition of bromomaleimid89, resulted in isolation of only
thiosuccinimide 292 Scheme 127 (p This indicated that the products did not
interconvert under the reaction conditions utilisadd that the previous result did
indeed demonstrate that the cyste2®® was more reactive towards bromomaleimide

289than maleimide.

O

e} (6]
| NH | NH QNH NH
SH Br S X s
289 O o o)
@) OMe OMe X OMe
BocHN NaOAc, methanol BocHN BocHN

. Methanol
290 O 10 min 291 0 48 h 292 O

6] e} O
iléNH QNH QNH /QNH
SH o S Br 5 289 S
OMe - © b4
(o) OMe
BocHN Methanol
BocHN NaOAc, methanol BocHN

290 © 10 min 292 O 48 h 2910
Scheme 127

Complementary to the work with bromomaleim@i9, addition of cystein@90to two
equivalents of commercially available dibromomalielien afforded the single mixed
bromothioconjugat@93 in 87% yield (with respect to the cysteip@0), Scheme 128
Addition of cysteine290 to the isolated bromothiomaleimid293 afforded the
dithiomaleimide294 in 97%. The dithiomaleimid294 could also be prepared in 94%
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from simply adding two equivalents of the cyste@0 to the dibromomaleimide,

Scheme 128
Br o
BocHN
2eq ﬁNH %OME
Br o \S 0

SH o) Br N-Boc-Cys-OMe,
Methanol | 'NH methanol | NH
BocHN OMe NaOAc S NaOAc S

290 O 5 min, 87% o 5 mins, 97% o
OMe OMe
BocHN BocHN
2930 I 0 294
(0]
0.5eq Br Methanol
| NH NaOAc
Br 5 min, 94%
(0]
Scheme 128

At this early stage it had been demonstrated thate¢action of bromomaleimidz89
with cysteine 290 was rapid, and that cysteir290 was more reactive towards
bromomaleimide289 than maleimide. Dibromomaleimide could also beduserapidly

label one or two molecules of cystei2@Q.

With thiomaleimide adduct®91 and294in hand, there were several avenues that were
of further interest for the use of such construijsgetermination of the selectivity of
the bromomaleimide289 addition to thiols; (ii) reactivity of the thiomamide 291
towards thiols; (iii) probing the reversibility ahiomaleimide 291 formation; (iv)
manipulation of thiomaleimid@91 to provide dehydroalanine; (v) use of the strategy
for the functionalisation of peptides; and (vi) Bxpg the potential photoactivity of the
thiomaleimide adducts towards bioconjugation stiaw®

2.ii.ii.i. Reaction selectivity

The impetus behind this work was to afford reactidhat would be applicable to
proteins, and thus would be successful in the pmsef competing amino acids,
particularly lysin€® In order to ascertain whether the bromomaleimielzgent289

could react with amines, the bromomaleimiz#9 was reacted with propylamine in
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methanol,Scheme 129 The bromomaleimid@89 did react with the propylamine in

around ten minutes to afford aminomaleim$sin a low yield.

o}

| NH o)
Br
\/\NHZ \/\N
H o}
295

Methanol
5min, 31%

Scheme 129

With the intention of determining if bromomaleimi@89 was selective for thiols over
amines, and thus potentially cysteine over lysbtemomaleimide289 was added to a
mixture of propylamine and the cysteir290, Scheme 130 Gratifyingly, the
thiomaleimide adduc291 was formed in 100% yield, implying that bromomail&le
289would be selective for cysteine.

o 0

| NH | NH
SH Br S
289 O (e}
_~_-NHz + OMe OMe
BocHN NaOAc, methanol BocHN
290 O 5 min, 100% 291 O
Scheme 130

Collaboration with other scientists

At this stage in the work, a collaboration was utaleen between the Baker group
(UCL, Chemistry) and the groups of Professors GaddiUCL, Chemistry) and
Waksman (Birkbeck, ISMB). As part of this collabboa Dr Mark Smith (UCL,
Chemistry, Caddick Group) transferred the cystdmigelling to a single cysteine
residue in a protein domain (Grb2, SH2 domain) nBymaleimide289 rapidly labelled
the single cysteine residue, affording the protabelled with a thiomaleimidg962°®
Scheme 131 The selectivity of the cysteine labelling in shadolecule work was
supported by this work as the protein domain usedained eight lysine residues, none

of which were labelled by bromomaleimitfa.
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Grb2 (SH2)
Scheme 131

It was also envisaged that dithiomaleimides sucthase previously synthesisez4
Scheme 128p. 122, could be used as a mode of bioconjugatidwo thiol-containing
biomolecules. Therefore, as part of the work urakem in the aforementioned
collaboration, Dr Mark Smith (UCL, Chemistry, Cackligroup) demonstrated that a
protein (Grb2, SH2 domain) could be labelled witbbrdmomaleimide to afford a
bromothiomaleimide labelled proteia97, Scheme 132 This bromothiomaleimide
protein 297 could be further conjugated to either thioglucaseglutathionevia a
dithiomaleimide298 or 299, Scheme 132%°
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Scheme 132

The collaboration was ongoing throughout the warkspnted in this thesis, and when

relevant, specific outcomes of the collaboratorsikwvill be discussed in more detail.
Work carried out by Brocchingt al?®® ?°" has site-specifically labelled a disulfide-

containing protein with a three-carbon bridge. it work it was highlighted that

modifications of disulfides should be specific atige disulfide bridge maintained
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relatively undisturbed in terms of distance. Whiteeir methodology did form a
relatively short bridge (three carbon atoms) aceodssulfide, it also introduced a chiral

centre,Scheme 133

SOsR
IS (;OZR S . S%R'
e Y\
R

Disulfide Open disulfide Addition-elimination Second addition Three carbon bridge

Scheme 133
In contrast, in the small molecule work describedhiis text, it was postulated that the

dithiomaleimide294 could be used to bridge a disulfide bowid just two achiral
carbons300, Scheme 134

% o
BocHN% oMe %H &;\ EHJ;&

294 O H 3000
Dithiomaleimide could be inserted across a disulfide bridge
Scheme 134

The extension of this work was carried out by F8ochumacher (UCL, Chemistry) in
the Baker research group. He successfully traresfethe small molecule work to a
polypeptide 301 (somatostatin), and showed that a variety Mfunctionalised
dibromomaleimides could be incorporated into itggka disulfide bridge802, Scheme
135265

125



2 o Addition- Second 0
SH econ
S TCcep SH  Br elimination Bl o addition S
f - + | N-R = Y = | N-R
S SH Br S N- S
/ / o / R / 0
o)

Disulfide bond Open disulfide R = H, Me, fluorescein, biotin Disulfide bond in
in somatostatin in somatostatin somatostatin bridged

as dithiomaleimide

Scheme 135

These highly promising results suggested that tbenbmaleimides could be employed
in protein and peptide modification. It was theemtion, at this stage, that this PhD
project would retain focus on single amino aciddss and thus the early protein work

was carried out by other scientists, as describved the course of this thesis.

2.ii.ii.ii. Reactivity of the thiomaleimides towards thiols

If thiomaleimides291 were reactive to thiols, then dithiosuccinimi@®&s or 304 could

be formed which would represent the conjugatiotwaf thiols,Scheme 136
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Scheme 136

When the thiomaleimide addu291 was subjected to cysteir®90 in methanol, no
addition was seenScheme 137 (a This suggested that the hypothesis that
thiomaleimides could act as Michael acceptors, andergo a second nucleophilic
addition was incorrect. However, when the reacts@s carried out in pH 8 aqueous
sodium phosphate buffer, the addition of the thaacurred rapidly, affording
dithiosuccinimide305 Scheme 137 (p
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Literature suggests that thiol addition to maleiesisbccurs through the thiolate and not
the sulfhydryl**® and that the thiolate would start to become aifibigmt component of
the solution at pH 8% ?®®explaining the increased rateSecheme 137 (p Notably, the
cysteine290 addition to bromomaleimid289 had occurred rapidly in methanol and
aqueous solutions from pH 6 - 8, suggesting thambmaleimide289 was more

reactive than thiomaleimid&1 towards thiols.

The addition of the second thiol could potentidd geminal or vicinal but analysis of
the C NMR spectrum indicated that the isolated produetsre vicinal.
Mechanistically, the geminal addu®®6 was not ruled out as an intermediate, but if it
was formed, it must be a reversible process tlatsi¢o the vicinal addu@05 as the

thermodynamic producgcheme 138
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Scheme 138
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The addition of the second thiol formed two adjacemral centres. The two thiols
could be cis or trans to one another. This afforded three possible prbdu
stereochemistries, as the taig succinimides are identicdfigure 17.

0 0
BocHN._J oMe BocHNQﬁ oMe BOCHN%OMe BocHNQL oMe

O

0 0 :
s, s ~s s,
fffffffffffffffffff NHa NHD NH & —— NH
s s" S s"

o
305a 305b 305¢
Rotationally symmetrical Rotationally symmetrical Not rotationally nor

mirror symmetrical

Figure 17: Possible vicinal addition succinimides

The 'H NMR spectrum indicated that the two major produfcom this reaction were
symmetrical, thus onl$05a and 305b were possible (as rotationally symmetrical), as

compound305cwas neither symmetrical through rotation nor aoniplane.

Very small peaks could be identified in thd NMR spectrum alongside the peaks
attributed totrans succinimides305a and 305h, Figure 18 They were tentatively

attributed to small amounts of thes succinimide305c It was postulated that the
reaction was reversible and that, over time, thduetd had preferentially adopted the

least hinderetrans configurations305aand305h.
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Figure 18:'H NMR spectrum of 305a and 305b

Interestingly, when dibromomaleimide was treatethvei large excess of the cysteine
290 i.e. ten equivalents or more, in basic buffer, the suetde adducts305 were

isolated from the reaction in 93%cheme 139
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Scheme 139

A postulated mechanism for this outcome was thhaird addition of the cysteine took
place to afford succinimid807. This succinimideB07 can then be attacked by latent
thiolate to afford the dicysteine succinimide add8@5 and cysteine disulfid@08,
Scheme 140Thus overall, a reduction of the dithiomaleimltid taken place, and an
oxidation of the cysteine. Indeed, the cysteinaultide 308 was isolated in 4%,

although this was considered inconclusive as tkalfile can form from free cysteine
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over time. This indicated that in buffered soluipriike the thiomaleimide?91,

dithiomaleimide294 was reactive towards thiols.
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It had previously been ascertained that a secorsteioye thiol would add to the
thiomaleimide 291 in pH 8 buffered solutions. Thus, to probe thectigdy of

thiomaleimide291 towards various other thiols, one and ten equintalef several
thiols were separately added to the addifit in the pH 8 buffer. The simple thiols

chosen were thiophenol and hexanetttaure 19.

SH
PN N
SH

Thiophenol Hexanethiol

Figure 19: Thiols used to probe the reactivity ofiomaleimide 291

An apparent problem with these thiols was that thegre slow to react with
thiomaleimide291 when just one equivalent was used. When ten elgutsawere used,
a complex mixture of products could be seen by tayer chromatography. Column
chromatography could not separate the productsStbitMR of the mixtures described
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the reactions as containing inseparable, diastezgonand vicinal addition products
305, 309and310 Scheme 141
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Scheme 141

As the dithiosuccinimideg805 and 310 were isolated, this suggested that, to some

extent, there was some elimination of the cyst#ie upon addition of a second thiol.

As part of the collaboration described, Dr Mark 8m{UCL, Chemistry, Caddick
group) demonstrated the reactivity of thiomaleirsida proteins by conjugating a
thiomaleimide labelled protein311 with glutathione (GSH) to afford the
dithiosuccinimide conjugat®12, Scheme 142
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] | N—  (GSH) HoN H, N—
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. e © o o
312
Grb2 (SH2) Grb2-GSH conjugate
Scheme 142
2.ii.ii.iii. Reversibility of thiomaleimides and thiosuccinimides

The thiosuccinimides formed from the addition of l@maides to cysteine are not
reversible®® 2®>Conversely, it had previously been observed tmathiomaleimide91
was susceptible to reversion in the presence of, HBx base wasn’t present in the
reaction, p. 119. To confirm this outcome, the tadeimide adduc91 was formed
without addition of base in methanol, and maleimatkled to ascertain if any free

cysteine290 was trapped by the maleimidécheme 143After forty eight hours, the
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reaction was subjected to column chromatography &8 of the original
thiomaleimide291 was recovered. Thiosuccinimid®2 was also isolated from this
reaction in 30%,Scheme 143 This further suggested that the constr@étl was
reversible in the presence of HBr, and eliminatgstaine thiol could react with the
maleimide. From previous results, it was known thghH 8 buffer or with addition of
one equivalent of sodium acetate, the reversion neggted, and, upon addition of

maleimide after the base, no thiosuccinimide pregl@82 were seenScheme 127p

121.
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Scheme 143

Subjection of the dithiosuccinimidd®5to a solution of maleimide in methanol resulted
in no thiosuccinimide92, and thus the dithiosuccinimic®5 was deemed irreversible
in methanol,Scheme 144 (a However, in the presence of a one equivalersodium
acetate, or under aqueous conditions, both neamchlbasic, reversion was witnessed.
For example, both thiomaleimid&1 and thiosuccinimide&92 were isolated in 34%
and 44% vyield, respectively, when dithiosuccinimd®s was dissolved with maleimide
in aqueous buffer at pH &cheme 144 (p This suggested that the dithiosuccinimide

construct305 could be reversible or irreversible dependingtendonditions.
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Subjection of the dithiomaleimide addu2®4 to aqueous basic conditions in the
presence of maleimide afforded no reactioBcheme 145 In contrast to

dithiosuccinimides305, this suggested that this construct was stalbelffer at pH 8.

| NH > No reaction
s pH 8 buffer

Scheme 145

As discussed in p.36 there are many potential o$egversible cysteine labelling.
Therefore, with the idea that reversible cysteiakelling via bromomaleimide289
could be a rival to the current method of usingilfides, potential reversion conditions
were sought. Inspired by the reversion of thionmaide 291 when the eliminated HBr
was not quenched by a base, it was predicted ttditiean of a nucleophile to
thiomaleimide291 could result in deliberate reversion of the coajfian, Scheme 146
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290
Scheme 146

Halide nucleophiles to displace cysteine

In order to probe potential nucleophiles that cawderse the reaction, bromide, from
HBr, was an initial choice due to the aforementibmeversion of the formation of
thiomaleimide291 upon concentration of the reaction in methanolweler, addition
of HBr and concentration of the resultant solutizgre not suitable reaction conditions,
as this would not be transferrable to protein clsémeis and buffered solutions.
Therefore metallic cations were sought that coulosstute the proton and counter the
bromide ion. It was postulated that the Lewis atvity of the metallic cation would
aid the elimination of cystein290 through co-ordination with the sulfur or carbor,
even bothScheme 147

/\;éNH 0
Br
S N ) N\ E S SH
+

M*-0 +

o) oM | NH
BocHN BocHN © Br 5

290 ©
Scheme 147

Zinc bromide and sodium bromide both failed to tesith the thiomaleimide and no
cysteine290was eliminated, whether the reaction was carrigdrowater or methanol,
entries 1 and 2Table 16 Mercury is quoted as forming a strong bond wiikfus,?®°
thus mercuric acetate was added to the thiomalei#8d, with and without added HBr.
However, again, this afforded no reaction and nmiehtion of cysteine290 was

observed in either methanol or water, entries 34iicble 16
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Table 16: Use of various bromides to displace cyste 290 from thiomaleimide 291

/EENH A Methanol SH

S
10eqreagent |

/g(OMeO T BOCHN%OMe

BocHN (@]

B water 290

291 O
Entry Reagent Route A Route B
1 ZnBr, No reaction No reaction
2 NaBr No reaction No reaction
3 Hg(OAc) No reaction No reaction
4 HBr and Hg(OAc) No reaction No reaction

When one hundred and fifty equivalents of sodiuclide were used, some reversion
was witnessed by TLC. After twenty four hours thaation had not gone to completion
but nonetheless it was extracted to determine ésaltt A mixture of thiomaleimide

291, iodomaleimide and cystein290 was afforded in ratios that indicated 60%
elimination of the cystein290 had occurred, entry Table 17. Whilst this result was

promising, it was irreproducible and no reversiohwsodium iodide could ever be
afforded again. The addition of mercuric acetateamnattempt to co-ordinate to the
sulfur and encourage elimination, alongside theiwodiodide, was not successful,
entry 2, Table 17 When a second stronger nucleophile was adddwregiropylamine

or hexanethiol, alongside sodium iodide to attertptdisplace the thiolate, no

elimination was observed, entries 3 anddble 17

Table 17: Use of sodium iodide to displace cysteir290 from thiomaleimide 291

o}
SH
| NH oM
S 24h ©
o + 150egNal +10eqreagent —————> BocHN
OMe Methanol 290 (0]
BocHN

Entry Reagent Result

1 -- 60% reversion observed once (not reproducible)
2 Hg(OAc), No reaction
3 Propylamine No reaction
4 Hexanethiol No reaction
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A range of bromides and iodides had not provenessfal in elimination of cysteine

290from thiomaleimide291, and thus no further halides were investigated.

Phosphorus nucleophiles to displace cysteine

As part of the work undertaken in the collaboratibn Mark Smith (UCL, Chemistry,
Caddick group) had identified a phosphine, trisgPhoxyethyl)phosphine (TCEP), that
could reverse the formation of a thiomaleimide irbZ(SH2)311 in protein studies,
releasing the free thicgcheme 148%°

100 eq TCEP

Grb2 (SH2)
Scheme 148

It was deemed important at this stage to confirat this also worked on the small
molecule model, this would indicate if the thiomalgle 291 was serving as a valid
model for protein studies and potentially optimike conditions for studies on small
molecules. TCEP behaves as a nucleophile in tlevatge of disulfidesScheme 23p.
35, and phosphines are reactive as nucleophilearttssmaleimide$’® Scheme 149
this it was deemed likely that the phosphine waedct with the thiomaleimid291

and potentially eliminate cysteir290, as it had done in the protein studies.

Ph.** Ph
p

\
Ph

> NH

Y
+H*/-H- PhgP.
QNH
Scheme 149°
Investigations with TCEP encompassed increasing dddded equivalents of the
phosphine, use of different concentrations anduge of different solvents, as it was

known that TCEP could oxidise in aqueous envirortsféhTable 18 As the reaction

was being compared to protein chemistries it wasrsel necessary to carry out the trial
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reactions initially in water and buffered soluticaitsdilute concentrations. At that time,
the protein work carried out by Dr Mark Smith (UGChemistry, Caddick group) was

undertaken at pH 8, thus this was the pH of thdebuwif choice for trial studies. If

adequate conditions could be found then the raagtmuld be concentrated to ascertain
if the conditions were applicable to smaller moleathemistries, where concentrations
are usually much larger. The dilute concentratiogsd (3.5 mM) were not quite as
dilute as the protein chemistry (15M) undertaken in the collaboration, due to
practicality, but they were around an order of nitagle lower than the concentrations

in standard synthetic chemistry.

When one equivalent of TCEP was added to thiomadeir91 in water, it became
apparent that the phosphine could eliminate cyste80 but it could also reduce the
thiomaleimide291to succinimide292 Scheme 15@&nd entry 1Table 18

O

QNH QNH
S
o  TCeP SH . 5%
OMe =
BocHN Water, 5min  goepN OMe BocHNL(OMe
|

o
291 2900 74: 26 2920

Scheme 150

Examination of the literature found reference toogghine-mediated reduction of
maleimide to succinimide 3135cheme 15F’2 so this result was perhaps not so

surprising.
m o H\O'./\+ o o Phy O o
| Phg'P +HYH Ho po
Ph.** Ph ‘ 4H> NH ——— oO:)
F" w NH — NH f' NH
Ph .
o) o 0 O=PPh O 313

Scheme 151

Interestingly, moving to an aqueous buffer of plftorded a much higher proportion
of the cystein€90 (92%), entry 2,Table 18 and only a small amount of succinimide
292 was observed. It was necessary to increase theadepts of TCEP to ten in order

to completely negate the succinimig@2 formation and afford quantitative recovery of
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the cystein€290 entries 3 - 5Table 18 The reaction had to be carried out at pH 8, in
order to buffer the highly acidic TCEP, entriesnl &cf. 7 and 8 Table 18

The elimination reaction also had to be carried aiua dilution of 10 mM. When the
reactions were carried out in more concentrategtisols, the use of pH 8 buffer, water
and DMF all afforded no cysteir®90, entries 9 - 11Table 18 This was because when
ten equivalents of TCEP were used, TCEP was anaetration of 0.1 M. The 100
mM phosphate solution could not buffer the reactdrsuch high concentration of the
acidic phosphine and the pH of the solution wasfiect approaching pH 3 in the
‘buffered’ solution, water and in DMF. This indieat a key breakthrough in that the
TCEP equivalents and overall pH of the solutioterahddition of all the reagents, were
identified as the truly crucial factors in the almation reaction.

Table 18: Investigation into the use of TCEP to afinate cysteine 290 from
thiomaleimide 291

o
| NH QNH
S SH S
o TCEP . om 0
- e
BocHN OMe Solvent BocHN OMe BocHN

291 O 290 O 292 O
Entry TCEP Solvent Concentration of 291 Yield of 290 Yield of 292
1 leq Water 3.5 mM 74% 2696
2 leq  pH 8buffer 3.5 mM 929% 296"
3 3eq pH8buffer 3.5 mM 9796 196
4 5 eq pH 8 buffer 3.5 mM 9896 1%
5 10 eq pH 8 buffer 3.5 mM 10098’ -
6 10eq Watér 3.5 mM 919% -
7 10 eq Water 3.5 mM - 359
8 10eq DMF 3.5mM -- --
9 10eq pH 8 buffér 10 mM -- 7098
10 10eq Water 10 mM - 68%
11 10eq DMF 10 mM - 8%

The buffer used was aqueous 150 mM NaCl, 100 mMRéakiat pH 8.0.%Yield estimated from NMR.
P|solated yield.°Taken to pH 8 with sodium acetatiSolution was at pH 3 after addition of TCEP.
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Whilst the intermediates in the elimination reactiwere not isolated or observed, one
mechanism was postulate8cheme 152 It was predicted that the addition of the
phosphine would afford either of the phosphino shixinimides314 or 317. The
subsequent elimination of the cysteine as its #té#90’ from phosphino succinimide
314is shown as reversible but the fate of the phasphaleimide315 and phosphino
succinimide318 govern the true outcome of the reaction. In thesence of excess
phosphine, route (agcheme 152e.g.ten equivalents in the case of the most successful
reactions, a second addition to phosphino malein3tl® can take place forming
succinimides316 that were postulated to degrade at pH 8. This gaighe reaction
towards the formation of the free cystei@@0. Phosphino maleimid&15 can be
afforded from elimination from phosphino succiniesd314 or 318 When the
equivalents of the phosphine reagent are limitdghsphino succinimid€18 has a
major role in the outcome of the reaction. It isnied eithervia the vicinal addition
product317 and proton transfer, atia route (b),Scheme 152where the thiolat@90’
has attacked the phosphino maleim8ié. This succinimide318 can be protonated in
acidic media and then reduced by addition of waterirreversibly afford the
succinimide292 Scheme 152

+ O
RsP pH 8
NH —— Degradation
+ Hzo/ HO
R3P
316°
() PR3
O
O
| NH S-
SQ PRs Rgp | ONH O+
/2{ o T Rp Boc— OMe
Boc— OMe 3 H o
H o o BOC\H 315 290"
291 3140
(b)
PR3
0 0O
RS wHr e RS H,O* RS
NH NH NH
hp g
RsP RP™™ W PSS 3
3170 318 292
Scheme 152
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Both routes (a) and (b) would both be occurringatution, but excess phosphine would
force the equilibrium of the reactions towards eouyla) and thus cystein290
elimination. In addition, it was postulated thag guccinimide816 might be unstable in
basic media, explaining why no by-products werdaigadl, further contributing to
shifting the equilibrium via route (a). In contragtwas envisaged that in acidic media
the phosphino thiosuccinimide produi8 of route (b) was protonated and thus
reduced more readily, shifting the equilibrium teds the isolated succinimid2o2
Whilst the mechanism was not proven by isolatiommy of the intermediates, it fitted

well with the empirical findings.

Importantly, polarimetry of the eliminated cysteRf@0indicated that the chiral centre

To investigate the effect of other phosphorus raphées, triphenylphosphine (P&h
and trimethylphosphite (POMe were implemented. Unfortunately, although
thoroughly evaluated in methanol and pH 8 bufférese reagents afforded no
eliminated cystein@90 in six hours and led to degradation products ¢tioatid not be

isolated after prolonged exposure to the thiomat®91, Table 19
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Table 19: Investigations into the use of phosphorusucleophiles to eliminate

cysteine 290 from thiomaleimide 291

0
/\iNH A Methanol SH
S o) + Reagent BOCHN/grOMe
BocHN e B pH 8 buffer 2900
291 O
Entry Reagent Eq Concentration Route A Route B
of 291 (mM)
1 POMe 1 35 No elimination No elimination
at 6 hourd at 6 hours
2 POMe 1 10 No elimination No elimination
at 6 hours at 6 hours
3 POMg 10 35 No elimination No elimination
at 6 hours at 6 hourd
4 POMe; 10 10 No elimination No elimination
at 6 hours at 6 hours
5 PPh 1 35 No elimination No elimination
at 6 hours at 6 hourd
6 PPh 1 10 No elimination No reaction at
at 6 hours 6 hourd
7 PPh 10 3.5 No elimination No elimination
at 6 hours at 6 hours
8 PPh 10 10 No elimination No elimination

at 6 hours

at 6 hours

dComplete degradation of all material at 16 hours.

At the close of investigations into phosphorus eaphiles to eliminate cysteir90

from thiomaleimide29], it could be seen that triphenyl phosphine anchethyl

phosphite were not successful. However, when usedoH 8 buffer at dilute

concentrations, ten equivalents of TCEP could qtaiviely afford cysteine290 from
thiomaleimide291 If the pH was not closely controlled, or the e@lents of TCEP

were lowered, then reduction of the thiomaleimidefdrm thiosuccinimide292 was

witnessed.
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Thiol nucleophiles to displace cysteine.

Thiomaleimide291 had been demonstrated as reactive to th8keme 137p. 127. It
had also been previously observed that dithiosundaie 305 was reversible in base,
Scheme 144p. 133 Therefore, it was postulated that if aleoghilic thiol (RSH) was
added in high enough equivalents, the equilibriunthe dithiosuccinimide$819 and
320 formation should eventually lead to cysteir90 elimination and the

dithiosuccinimide320 of the excess thiobcheme 153

o) 0o 0 o
RS RS s SH
| NH _RSH NH | 'NH _RSH_R
s - NH OMe
S R\S BocHN
o} o o] o o
OMe
BocHN OMe BocHN 320 290

o (0]
201 319

Scheme 153

S-mercaptoethanol (BME) acts as a good nucleophildisulfide cleavad® ® and is
water soluble, thus it was utilised in an attemptediminate cysteine290 from
thiomaleimide291 Gratifyingly, when used in ten equivalents at Hat a variety of

concentrations, BME afforded the cyste#in quantitative yieldScheme 154

O

QNH 10 eq BME
OH SH

R E—
BocHN/'%]/OMe pH 8 buffer BocHN OMe

o
201 © 290
100%

Scheme 154

Notably, using just one equivalent of BME gave anptex mixture of inseparable
vicinal succinimide adducts, postulated to be éiesimers321, 322 and 305, seen by
NMR after unsuccessful purification by column chedography,Scheme 155 This
was seen as further evidence that the additiomethiol was vicinal as, even though
the succinimide products isolate8?2 and 305 indicated the reaction of the vicinal

addition was reversible, no geminal products wéseovedScheme 155
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It was envisaged that 1,2-dithioethane would fouracgimides324 or 325 from the
intramolecular reaction of thiomaleimi@23 and eliminate cystein290 upon reaction

with thiomaleimide291, Scheme 156 The succinimides formed could either be from

vicinal 324 or geminal325 addition,Scheme 156

201 O 0
o) o)
Intramolecular S ( S SH
reton T e o ST N > ome
s BocHN
324 © 325 290 ©
Scheme 156

Therefore, 1,2-dithioethane (DTE) was added tahimmaleimide291 As forecast, ten
equivalents of DTE afforded quantitative yieldstloé cysteine290, Scheme 157No

succinimide adducts were isolable from this reacti®hen just one equivalent of DTE
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was used, a yield of 64% of the cyste8 was isolated, as well as a crude mixture of

succinimide products (not isolabl&¢cheme 157

| NH PTE SH
SH
s CHST T
) pH 8 buffer Boc-p OMe
BOC\H OMe 5 min H 5

290

10 eq DTE = 100%
1 eq DTE = 64%

Scheme 157

As no succinimide compounds had been isolated ftben reaction of DTE with
thiomaleimide290, the fate of the DTE had not been identified. Efi@ne, in order to
ascertain if the dithiol had formed a geminal ainal succinimide in this reaction, one
equivalent of DTE was added to bromomaleimi89. A 41% vyield of the geminal
spiro compound25 was isolated, from initial formation of the thiol@ianide 323 and

intramolecular geminal attack of the thiSlcheme 158

0 0 o}
/iNH HS(CH),SH /QNH _— S\E?NH
Methanol s 41% &
Br o NaOAc HS™ o) S 5
289 5 min 323 325

Scheme 158

The use of other potential thiol nucleophiles sasthiourea, potassium thioacetate and
2-mercaptopyridineFigure 20, where also investigated, to distinguish if theuld
eliminate cystein@90from thiomaleimide291

i S | SN
HoN NH»> Ko)k _—

Thiourea Potassium thioacetate  2-Mercaptopyridine

SH

Figure 20: Thiol nucleophilesutilised in elimination attempts

Unfortunately these reagents afforded no elimimaiiosix hours and led to degradation

products that could not be isolated after sixtemurs Table 20
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Table 20: Investigations into the use of thiols teliminate cysteine 290 from

thiomaleimide 291

| NH SH
S pH 8 buffer
O + 10 eqreagent
OMe BocHN OMe
BocHN 5

291 O 290
Entry Reagent Result

1 Thiourea No elimination at 6 hodrs
2 Potassium thioacetatéNo elimination at 6 houfs
3 2-Mercaptopyridine  No elimination at 6 houf's

%Complete degradation of all material at 16 hours.

Therefore, in studies on the reversibility of theleimide291 formation, it had been
ascertained that the thiomaleimide could reversethiea presence of HBr, upon
concentration. However, if the addition of bromoenalide 289 to cysteine290 was
carried out in pH 8 buffer, or in methanol with oeguivalent of sodium acetate, the
reversion was negated. Halide nucleophiles coulddisplace the cystein290 from
thiomaleimide291 Ten equivalents of TCEP at 3.5 mM in pH buffeantitatively
eliminated cysteine290 from thiomaleimide 291, whilst triphenylphosphine and
trimethylphosphite could not mediate cyste?® elimination. Ten equivalents of BME
or DTE in pH 8 buffer could afford eliminated cyisie290 in quantitative yields from
thiomaleimide291, but thiourea, thioacetate and 2-mercaptopyridiogld not. These
results, coupled with the early work from the cbdleation indicated that the use of
bromomaleimides for cysteine labelling could beersible, with potential applications

for impermanent labelling of a thiols and cysteiesidues in a range of biomolecules.

2.ii.ii.iv. Manipulation of thiomaleimides to form dehydroalanine

Base-mediated dehydroalanine formation

As discussed on p.37, the formation of Dha in pngtés useful as it creates a reactive
Michael acceptor that can be used to react witlkectedl nucleophiles. Inspired by
recently published work by Davis and co-workEfsjt was postulated that the

thiomaleimide291 might be a route to dehydroalanine mo8f6 via a base induced
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elimination to expel the thiolatg27, Scheme 159The thiomaleimide was predicted to

be a good leaving group due to the electron withairg properties of the maleimide.

C Q’“H [
S
Base'/\ o~ o T > BocHNJH(OMe | NH
H 1 ome -S
BocHN o o)
291 0 326 327

Scheme 159

To afford Dha326, the Davis research group had employed MSH ared diyuivalents
of potassium carbonate as their base of choice {$88). Therefore, guided by these
conditions, the thiomaleimid291 was treated with three equivalent of potassium
carbonate in methanol. Immediately the solutiomedra bright yellow and by TLC a
new, high-running spot could be seen that was \mdieto be the desired
dehydroalanine product (hereafter referred to as B26). The yellow colour was
attributed to the thiolate anio®27, although this compound proved impossible to
isolate. The reaction was complete in two hoursahdn the solvent was removed
vacuq Dha326 was afforded in 65%, entry Table 21 Attempts to improve the yield
and make the conditions more applicable to protiemistries were investigated.
Using different solvents such as methanol:water)(land DMF:water (1:1) only served
to significantly lower the yield of Dh&26, entries 2 and 3Table 21 To rule out
aqueous instability, the reaction was carried ounhydrous methanol but it appeared
that the base was only sparingly soluble in thisesd and yields were poor, entry 4,
Table 21
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Table 21: The use of different solvents to afford Ba 326 from basic media
o N _

o}
| NH ‘
SH Br NH 3eq K,CO
289 o s q K>CO3
o OMe
BocHN/E[(OMe Solvent OMe Solvent BocHNJL[(
5 min BocHN 2h e}

o

290 291 © - 326
Dha
Entry Solvent Yield of 326
1 Methanol 65%
2 Methanol:water (1:1) 8%
3 DMF:water (1:1) 12%
4 Anhydrous methanol 13%

In an attempt to minimise the exposure of 3248 to the basic environment, the use of
less equivalents of base were attempted, but theselyn confirmed that three
equivalents of base were definitely necessaryjesnir-3,Table 22 When the base was
added sequentially, lower yields of DB26 were observed, entry 4 andTgble 22 To

be certain of at least three equivalents it wasmgkeappropriate at this stage to use 3.3
equivalents as the standard base addition, entiiyable 22 If a mild base, namely
sodium acetate, was used to quench the eliminaBedit$t and then 2.2 equivalents of

potassium carbonate added, then the yield was |améry 7,Table 22

It was postulated that hydroxide would be a goosklia promote elimination from the
thiomaleimide 291 Thus 3.3 equivalents of sodium hydroxide in methaand
methanol:water (1:1) were used in an attempt tordfDha326in higher yields, entries

8 and 9,Table 22 The formation of Dh&26 was overshadowed in these reactions by
the formation of baseline impurities that appearned be degradation of the
thiomaleimide291 — this was not unexpected as the pH of the solutias well above

8, in a region that maleimides are prone to hydisf/>
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Table 22: Investigations into the use of differenbases to afford Dha 326
o _

O
| NH |
SH Br NH 3 eq K,CO
Y OMe
OMe Methanol
Methanol BocHN
BocHN/g( BocHN/g(OMe o

290 ° o T 59 © - 3260
Entry Base Equivalents Yield of 326
1 Ko.COs 3 65%
2 K2CGOs 2 Incomplete reaction
3 K2COs 1 Incomplete reaction
4 K2COs 3? 12%
5 K2COs 3 20%
6 K.COs 3.3 65%
7 NaOAc then KCO; 1.1then2.2 47%
8 NaOH 3.3 --
9 NaOH 3.3 -

1 equivalent of base was added after bromomalei28% After 10 minutes, 2 further equivalents of
base were added1 equivalent of base was added after bromomalei@B@eAfter 10 minutes, 1 further
equivalent of base was added. Another equivalebtieé was added after a further houlrl equivalents
of NaOAc were added after bromomaleimigi@9. After 10 minutes, 2.2 equivalents oL®0O; were

added“Reaction carried out in methanol:water (1:1).

When the thiomaleimid291 was subjected to three equivalents of potassiubooate

in methanol, the formation of DHa26 and a bright yellow baseline spot was all that
could be seen by TLC but, frustratingly, the yietdshe reaction thus far did not reflect
this. All previous reactions had isolated D826 from an extraction with ethyl acetate
on the concentrated reaction residue. By diluthmgreaction with ethyl acetate instead,
and washing the organic solvent to remove aqueoluble impurities, the yield was
increased to 75%. Whilst this was promising, it dmt reflect the quantitative yields
that the reaction analysis suggested should baehp@sand the reaction was still only

successful in methanol, thus not transferrabladtems.

To try to minimise Dha326 degradation the reaction was carried out &lCOin
methanol, methanol:water (1:1) and water: DMF (INlJ benefit was seen from this as
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the yield in methanol was unchanged by the loweptrature and no D26 product

was afforded from the reactions in the latter twlyasnts

It was postulated that, as a reactive Michael d@ocgeha 326 may have been too
unstable to be easily isolated. Therefore it wagyested that the reactive prod3&6
may be isolable by reaction with an situ nucleophile such as thiophenol or
hexanethiol, to afford thioeth828 Scheme 160

O

1.
| NH
s B 890 JL(( RSE
OMe RSH
BocHN™ Yy~ . OMe
BocHN/g(OMe BocHN™

2.3.3 eq K2CO3 (o] o)
290 © 326 328
RSH = Thiophenol or hexanethiol

Scheme 160

Whilst these reactions were attempted in methamogthanol:water (1:1) and
DMF:water (1:1), the trapping reactions all affatdenultiple products that could
neither be isolated in high yields nor completehamcterised due to the mixtures
obtained, entries 1-4,able 23 Addition of the nucleophile was attempted botfolke
and after the addition of the base but the trappaagtions were not successful under

these conditions.

Table 23: Attempts to trap Dha 326 with thiols

SH
1.1.1eq 289 RSE
OMe OMe
BocHN 2. Conditions BocHN/ﬁ(
328 0

290 ©
RSH = Thiophenol or hexanethiol ~ Trapped Dha
Entry Conditions Result
1 3.3 eq kCOs, 10 minthen10 eq thiophenol, 6 h  Complex mixtfire
2 10 eq thiophenol, 10 mthen3.3 eq KCOs, 6 h  Complex mixturd
3 3.3 eq KCO;, 10 minthen10 eq hexanethiol, 6 hComplex mixturd
4 10 eq hexanethiol, 10 mihen3.3 eq KCOs, 6 h Complex mixturé

®The same result was observed whether the reactsrcarried out in methanol, water: methanol (1r1) o
DMF:water (1:1).
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Instead of undergoing the desired conjugate addiboDha326, it was postulated that
the thiol nucleophiles could have merely reacteth whe intermediate thiomaleimide
291, formed disulfides from oxidation, or reacted withe thiolate 327 or its

degradation products.

It was speculated that tieBoc-Cys-OMe thiomaleimid@91, as a model for cysteine
residues in proteins might be problematic as therdsond may be sensitive to basic
conditions. In addition the acidity of thecarbon between the carbamate and the ester
was not necessarily a true representation of tltetyaof the a-carbon in a peptide.e.
between two amides, although this model had beecessfully used by Davist al.***
Therefore, an alternative model cysteine system weasigned with two amide
protecting groupsN-Ac-Cys-NHBnN cysteine29 Scheme 161was synthesised from
the commercially availabléN-protected cysteine carboxylic acida carbodiimide-

mediated coupling with benzylamirnécheme 161

HOBL, EDC
o SH @ DCM/DMF0°CtoRT SH
AN/;(OH + HoN 16 h, 56% AN%HQ
"o "0 g
Scheme 161

The N-Ac-Cys-NHBn model cystein829 proved to be quite testing in its own right as
it formed its disulfide much more readily than tkemmercial N-Boc-Cys-OMe
cysteine analogu291l Reactions on thil-Boc-Cys-OMe thiomaleimid291 had been
carried out on the isolated thiomaleimi2@l, or by forming itin situand then merely
adding the base. However, with theAc-Cys-NHBnN cysteine829, the proportion of
material that was effectively ‘lost’ to disulfideorfnation during any reaction
necessitated that the attempted elimination reastialways be carried out on the
isolated thiomaleimide330, Scheme 162 Unreacted bromomaleimide could be

recovered from this reaction in 70%.
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The formation of a Dha speci@31 was attemptedia addition of 3.3 equivalents of
potassium carbonate to the thiomaleimBB6 Table 24 The elimination conditions
were carried out in methanol, methanol:water (=d9 water:DMF (1:1put this did
not afford any Dh&31, entries 1-3Table 24 In fact, whilst a high-running compound
was identified by TLC in all solvents, postulatexl ie Dha33l, it could never be
isolated from these reactions. The formation ofgbstulated Dh&31 also appeared to
be slower, taking at least three hours in all sulveThis modeB30was also much less
soluble in the solvents used than td&oc-Cys-OMe thiomaleimid291 and the low
yields could, in part, be attributed to poor sdlityoof the reagent. This could have led
to overexposure of solvated material to base abdesjuent degradation of theAc-
Cys-NHBnN thiomaleimid&30.

Table 24
o)

| NH 3.3 eq K,CO4 Q H
o S )J\N N
H O Various solvents H
)J\ N (e}
N
H

331

) Tentatively observed by TLC
330 but could not be isolated
Entry Solvent Time Result
1 Methanol 3h No Dh&31lisolated
2 Methanol:water (1:1) 4 h  No Dha331isolated
3 DMF: water (1:1) 4.5h No Dha331lisolated

The elimination reaction of thé&l-Ac-Cys-NHBn thiomaleimide330 was further
investigated by attempting the reaction in deuegtamethanol so that progress could be

monitored by’H NMR. In doing so, it was noticed that the thiomialide 330
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underwent degradation upon exposure to the basiditbons of the reaction. This
observation, in addition to the poor solubility filof N-Ac-Cys-NHBnN thiomaleimide
330 and the susceptibility oN-Ac-Cys-NHBnN cysteine329 to increased disulfide
formation meant that use of thkeAc-Cys-NHBn model syster@30was terminated.

Returning to the initiaN-Boc-Cys-OMe thiomaleimid®91, it was deemed that the
isolation of the Dha326 was potentially the problem rather than its foiorat The
highest reproducible yield thus far was 75% fronutdi ethyl acetate extraction after
carrying out the reaction with 3.3 equivalents ofgssium carbonate in methanol, entry
1, Table 25 At this stage, attention was more closely turteethe paper by Davist
al.'** and several key differences were noted. In pdaicthe reactive intermediate
that was used in their work was formed in the preseof base, rather than forming the
reactive species and then treating it with baserdtbre, the cystein2g90was stirred in
the basic methanol conditions and then bromomatEmadded to form the
thiomaleimide291in the presence of the base. No improvement wasrebd with this
method of addition and a yield of 73% isolated [¥2& was afforded over the same
time period (two hours), entry Zable 25 Other than order of addition, another noted
difference was that the Davis group extracted tmméd Dha326in large quantities of
diethyl ether (40 mg in 150 mL), where up to thasnp only ethyl acetate had been used
in this work. Repeat of the conditions with theutdl diethyl ether extraction finally

afforded the near quantitative yields that wereeexgd,i.e. 93%, entry 3Table 25

Table 25: Investigations into the formation of Dha326 using literature guidance
SH

1. See Table
BocHN oMe 2. See Table BOCHN%OMG
o o}
290 326

Entry 1 2 Extraction Yield of 326
1 1.1 eg289 3.3 eq KCO; Ethyl acetate (3 x 15 mL) 75%

2 3.3eq kCO; 1.1 eqg289 Ethyl acetate (3 x 15 mL) 73%

3 1.1 eg289 3.3 eq KCO; Diethyl ether (3 x 50 mL) 93%

Now that conditions and isolation techniques hadnbascertained that could afford
good yields of Dh&26 from the thiomaleimid291, the reaction was again attempted
in water, methanol: water (1:1), DMF:water (1:1daaso in DMF,Table 26 In all
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solvent systems that contained an appreciable anufuwater there was substantial
degradation of the thiomaleimi@91, and Dha326 was not isolable in any significantly
higher yields than in initial attempts, entry 2-Bable 26 (cf. Table 21 p. 147).
Interestingly, in neat DMF the reaction did notaleacompletion, even at extended
times (six hours), and merely afforded an insegdaratixture of thiomaleimid€91 and
Dha 326, entry 5,Table 26 NMR investigations indicated that the mixture wag
thiomaleimide291:Dha 326 It became apparent that the thiomalein2@& was simply
not stable to the agueous basic conditions of arqith10.

Table 26: The use of different solvents to afford Ba 326 from basic media

O — -
o)
| NH
B | NH
SH r o s 3.3eq K,CO3
o OMe
BocHN OMe Solvent OMe Solvent BocHN
BocHN 2h o
290 © L 2010 i 326
Entry Solvent Yield of 326
Methanol 93%
Water -

Methanol:water (1:1) 10%
DMF:water (1:1) 15%
5 DMF 4096

¥ stimated conversion Byd NMR, as mixture with unreacted thiomaleimi2iel

A WO N P

Therefore, the formation of DI&26 from thiomaleimide291 could be achieved in 93%
by addition of 3.3 equivalents of potassium cartbena methanol, followed by
extraction of the Dh&26 in large quantities of diethyl ether. The reactiwas not
successful in aqueous systems, most likely duleetanistability of thiomaleimid@91to

strong base, and, as such, cannot be transferi2dadormation in proteins.

Metal oxide promoted formation of dehydroalanine famation

As basic conditions were not suitable in the salwsstems required to carry out widely
applicable protein modifications, attention wasnad to other methods of promoting

elimination. A range of metal oxides were screenetie hope that the Lewis acidity of
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the metal would aid co-ordination between the sudfud, or, the oxygen and the oxide

might act as a base, as illustrate@oheme 163

o) o °
S/QNH MO ~ JiéNH /iléNH
””” > |Boc st Or |Boc o>
o} g o \ S JH(OMe
OMe HN—/7 o m O HN-— )%‘ mM—0" BocHN
BocHN H o5 "H '5 @)
291 O g ©OMe g~ ~OMe 326

Scheme 163

The thiomaleimides291 and 330 were both dissolved in either methanol,
methanol:water (1:1) or DMF:water (1:1). A scrednnwetal oxides was carried out
whereby 3.3 equivalents of a metal oxide was adddtie resulting solutions and the
reaction monitored for six hourScheme 164route A. In addition to the sole addition
of metal oxide, 3.3 equivalents of potassium caab@mvere added with the metal oxide
to ascertain if the elimination of D826 occurred in less than two hou&;heme 164
route B. The reactions were initially monitored DyC as they were small scale (2 mg
of thiomaleimide291 and330). Reactions that showed evolution of any new pectglu
were scaled up for further investigation and isolabf Dha326 or 331

O
/QNH A 33eqmetal oxide, 6h _
S |
5 Methanol, | RlHNJ%(RZ
RN Re Ll methanolwater, g 33 eqmetal oxide o
1 I or 1.1 DMF.water 3.3 eqK,CO3, 2h

291, R; = Boc, R, = OMe 326, Ry = Boc, R, = OMe
330, R1=Ac, R = NHBn 331, Ry =Ac, R, =NHBn

Scheme 164

The metal oxides investigated were silver (1) oxidanium (I) oxide, copper (I) oxide,
tin (1) oxide, barium (1) oxide, calcium (II) oxé] nickel (II) oxide, mercury (II) oxide,
titanium (I) oxide, cobalt (ll/1l) oxide, iron {{lll) oxide, chromium (lll) oxide, lead
(IV) oxide, ruthenium (IV) oxide, platinum (IV) ode and manganese (IV) oxide,
chromium (VI) oxide. A full breakdown of the ressjltover two hundred small scale

experiments, is not presented as, with one exaepti@ metal oxides alone all failed to
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react with both thiomaleimide291 and 330 and, in the presence of base, led to no
acceleration of the reaction to form either C#26 or 331 The exception to this trend

was the reaction of barium (II) oxide with bothtbé& thiomaleimide models.

In the case of th&l-Ac-Cys-NHBnN thiomaleimide modeéd30, it was thought that Dha
331 started to form upon addition of barium oxide the reaction was slow and could
only be taken to completion with addition of baSeheme 165 Unfortunately, with
analogy to the reaction using this model and baseeathe postulated DI881, seen by

TLC, could never be isolated from the crude reactioxtures.

2.3.3 eq K,COs3, 1h o

‘ NHB
o 1.33eqBa0, 2h ~ ACHNJﬁf n
NHBn
AcHN

330 Methanol , 331

methanol:water (1:1) _
or DMF:water (1:1) Tentatively observed by TLC

but could not be isolated

Scheme 165

When BaO was added to thkeBoc-Cys-OMe thiomaleimide mod@O1 in methanol,
all of the thiomaleimide291 had been consumed at forty minutes and only B
could be seen by TLC. However, isolation of D826 was successful in only 20%
yield, Scheme 166 (a)For completeness, these conditions were attengridtie same
system, but where the thiomaleimi@81 was formedin situ, Scheme 166 (b)This
yield was not as high as the potassium carbonatkateel reaction with this
thiomaleimide but it did reach 55%cheme 166 (b It was postulated that over the
course of the reactions, the BaO was undergoingohyals to basic Ba(OH) The
higher yield of Dha326 observed in the latter case could be due to ih@relted HBr,
from the addition of bromomaleimid289 to cysteine289 quenching any excess
Ba(OH), that was degrading the unstable [32&.
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OMe
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290 o -HBr 326
291. HBr 55%
Scheme 166

The best yields of Dh&826 afforded in methanol from using 3.3 equivalentsiuma
oxide (55%) were lower than those achieved fronmgud.3 equivalents of potassium
carbonate (93%). Neither conditions were successfulaqueous conditions and

therefore were not yet deemed suitable for prateemistries.

2.ii.ii.v. Use of the conjugation strategy for funtonalisation of peptides

Although it was recognised that the current C##6 elimination conditions weren’t
suitable for aqueous systems, it was deemed imgaiaattempt to transfer the basic
conditions to larger peptide systems. This wouldedsin if Dha motifs could be
afforded from peptides that could be manipulatednagthanol. It was also planned to
transfer the reversion conditions, with TCEP andBBNb any peptide thiomaleimides

formed.

To transfer the previously successful reactiongsejotides, a simple cysteine-containing
synthetic tripeptide was designed, namely an aéaoysteine-alanine conjuga832,

Figure 21

SH
(0] H O
BocHN N
%H ~ome
- O -
332

Figure 21: N-Boc-Ala-Cys-Ala-OMe proposed model tripeptide
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The synthesis was initiated with &l andS+{rotected cysteine carboxylic ad83 and
an acid-protected alanine amirfgcheme 167 A cysteine with a protected thiol was
chosen to minimise the thiol's interference as eleaphile in the coupling reactions.
Standard coupling conditions were undertaken tenftne first amide bondscheme
167. Subsequent treatment of dipeptR&4 with trifluoroacetic acid afforded TFA salt
335and a second coupling under similar conditionsrd&d protected tripeptid&32
and336, Scheme 167

0] O
NH NH
g o HOBt, NMM, EDC g
/E(OH + HZNQLOMG DCM/DMF 0 °C to RT J;(H o 1:1 TFA:DCM, 0 °C
BocHN : 16 h, 74% BocHN ~~ OMe 30 min, 100%
333 © ©

334
o

NH

OY r

S
NH o) e
g > BocHNJ&N NQ&OMe
o) o] : H :
H HOBt, NMM, EDC : o -
HZN/ET N%OMe * BOCHN%OH DCM/DMF 0 °C to RT 332 59%
o - TFA - o
335 16h Y

336 29%
Scheme 167

HOBt (hydroxybenzotriazole) is used in carbodiimideactions to minimise
racemisation of the-carbon in the activated carboxylic acid. Howewwaren though
HOBt was used there was some concomitant scrambfitige last chiral centre added,
seen by shifts of the correspondiagproton in the'H NMR spectrum. This was not
deemed too problematic as the by-prods®6 could be separated from the naturally
configured tripeptide and represented a furtherehttht could be used if extension of

the methodology was needed.
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At this stage, the cysteine thiol had to be deptetk to afford the free sulfhydryl.
Mercuric acetate was quoted for thio-acetamide ateptiorf’* so use of this reagent
was undertaken to afford the mercury bridged digel837, Scheme 168'H NMR
analysis of the reaction mixture suggested therel@groduct had been formed but the
broad signals in the NMR prevented confident assigmt. The peak broadening was
due to rotational constrictions imposed by the a&rbhdnds in the structur&32 and

337and the presence of salts in the crude reactiatunei.

o E o H =
NH MeoﬁﬁN N e
oC
g N
S Hg(AcO), _ o s o
o) o) AcOH s-Hg~
H
o) 0
H H E BocHN N N OMe
- o - © H :
332 i o - 337
Scheme 168

It was difficult to ascertain at this stage if tleaction had reached completion, and the
material could not be purified by column chromaggry. It was postulated that any
unreacted acetamido tripepti@82 could be removed in later steps. Therefore, & thi
stage, no further purification was undertaken dmel material was taken on in an
attempt to afford the free sulthydr@i38 Scheme 169 The crude mercuric disulfide
337, Scheme 169was treated with twenty equivalents of TEERn methanol and the
resultant solution partitioned between aqueous arghnic solvent. The desired
outcome was to extract the more lipophilic cleatrgzeptide and leave mercuric salts in
the aqueous layer. Analysis of thé¢ NMR spectrum of the organic layer suggested that
the free thiol tripeptide had been successfullynied but that there was more than one
impurity in the residue. One of these impuritiepegred to still have the acetamido
protecting group, indicating that the initial forwa of the mercuric bridged disulfide
337 had not reached completion. Due to the impuritiethe reaction residue, it was
subjected to column chromatography. However, ingteeess of purification the thiol
338 formed its disulfide and still maintained unknowmpurities, probably the original
protected tripeptid832 and the mercuric disulfidg37. It was deemed necessary to find
another method of cleaving the mercuric disulfidattwould be clean and require
minimal purification. The use of twenty equivaleraé BME*"* and DTTF'> were

attempted Scheme 169but the reactions were never clean and attenoppatify the
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material merely lead to a mixture of acetamido,auec bridged and disulfide bridged

tripeptides.

veo 18
o s o) 20 eq 0 e
s-Hg" TCEPOrBMEOrDTT  pgogyy L N
N ~~ “OMe
O =

o Methanol, 2 h B H

337 338

Scheme 169

In a last attempt to afford the tripeptide for miodtudies, it was thought that
bromomaleimide289 could be added to the cleavage reaction mixturgajo out any
free thiol tripeptide. Even though this added aaptotential product to the mixture, it
was envisaged that the thiomaleimi@g9 would be stable, and thus could be isolated

from the mixtureScheme 170

0
rNH
S 1. Hg(AcO),, AcOH SH
o H 0 o} b O
BocHN._. N. . 2.20eqTCEP,BME orDTT | BocHNn. L NI
: N ~~ OMe A\ ~  OMe
- H 5 = E
332 338 in situ

2890
NH
@

O s H oO
BocHNQ&H/‘%( N%OMe
E o B

339
‘Trapped' thiomaleimide

Scheme 170
Column chromatography of the resultant mixturesnfiessing TCEP, BME or DTT and

then adding bromomaleimid89, afforded a whole host of degradation productsiand

became apparent that the tripeptides formed werstable to silica.

159



The overall goal of this work was to demonstratéeptial cysteine modifications on
small molecules for eventual transferral to proteystemsvia the aforementioned
collaboration. As the conditions had been showrswacessful on a protein, it was
decided not to spend any more time on synthesigitigpeptide, and instead focus

attention on more novel reactions in the small make work.

2.ii.ii.vi. Exploring the potential photoactivity of thiomaleimides towards

bioconjugation strateqgies

Photochemical dimerisation of thiomaleimides

As discussed irlL.ii.iv., interest in the use of light to mediate biocoajimns has
increased in recent years. Photochemical modifinatiare mediated by light and, as
such, the reactions have ‘spatiotemporal’ controe-the exact time and location of a
reaction can be specified. As discussed in the thygsts, it was envisaged that
thiomaleimides would be photoactive, opening upesuo photochemical conjugation
of proteins already modified with thiomaleimides.

Irradiations were carried out under a standard l&ngphotochemical reactions, a 250
W medium pressure (MP) Hg discharge lamp (PhotoatedrReactors Ltd.), sek.i.ii.
for further discussion. In order to determine thbotpochemical behaviour of
thiomaleimides in proteins, thiomaleimi@91 was initially chosen for investigation.
After five minute of irradiation, the thiomaleimid291 had undergone complete
conversion to what appeared to be one prodtittNMR and mass spectroscopy
indicated that the thiomaleimid®1 had successfully dimerise8cheme 17 1although
the '"H NMR spectrum showed quite broad peaks due tchihéered rotation of the
bonds afforded by the carbamate. Analysis of feNMR indicated that the product
was actually a mixture of two very similar composnchost likely diastereomers of one
of the dimer product340o0r 341, Scheme 171
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Two products of unknown dimeric structure

Scheme 171

There were a variety of possible products in teiaction. Theoretically, the reaction
could proceed in head-to-tail or head-to-head @ashiand the dimerisation
stereochemistry could lms or trans-affording six diastereomerBjgure 22, as several

apparently different structures are in fact ideadtic

Onppn O Onpywpno O nynoO
HN | NH HN [ W HN NH =
4 .S 5.0 oS é\/o 0,5 S0
BocHN OO{NH%%CCHN OO{NHBogocHN OO{NHBoéocHN OO$NHBOC
MeO OMe MeO OMe MeO OMe MeO OMe
340a 340b 340¢

NHBoc
NHBoc NHBoc MeO)Jj/
c 0 o)
NH = HN NH
o) o_s H o o s H o o s H o
BocHN/;]/OMe BocHN/;(OMe BocHN/;]/OMe
0 o) 0
34l1a 341b 341c

Figure 22: Potential products from dimerisation ofthiomaleimide 291
After consulting the literature on photochemicahdrisations, it became apparent that

the head-to-head interactions are often favo@f¥®’ This can be explained by

examination of the frontier molecular orbitals (FMOf the species involved in
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photochemistry. Photochemical dimerisations areldfabecause the two important
orbitals that interact are of identical energied anefficients. This is because when a
molecule becomes excited, important interactioesatween the ‘HOMO’/HOMO and
the ‘LUMO’/LUMO. In a dimerisation, these interamtis arise from two of the same
molecules, thus the ‘LUMO’ has the perfect confagion and energy to interact with
the other molecule’s LUMO, and the ‘HOMO'’ has thexfpct configuration and energy
to interact with another molecule’s HOMBigure 23. Keeping in mind that large-large
and small-small coefficient interactions are entcgdly favoured®® it can be seen that
the head-to-head bonding orientation is highly taed, regardless of the substituents
on the double bondkigure 23,

T T

R - R R~ .~ R
LUMO 'LUMO" N )1 - LUMO LUMO'
%///z/‘/;;\\\\\% R R @//////;\\;\\\@
R~ - TR ‘Head-té)-h:aad' R ... .~ R
HOMO "HOMO' produc HOMO 'HOMO!
Coefficients of alkene with Coefficients of alkene with

electron donating group electron withdrawing group

Figure 23: Stylised ‘LUMO’/LUMO and ‘HOMO’/HOMO int eractions both
afford the head-to-head product

As a mixture of two diastereomers, the newly-formspdcieg340or 341) could not be
crystallised for X-ray crystallographic analysisnalysis of the NMR spectra was
inconclusive due to the symmetries in the poterdiaters and the large number of

possible products.

Consequently, in order to ascertain in-depth infiiom on the nature of the
dimerisation of thiomaleimides, attention was turme the achiral hexylthiomaleimide
342, synthesised by addition of hexanethiol to bromlemade 289, in 100% yield,
Scheme 172This hexylthiomaleimide&42 was also consumed in just five minutes of

irradiation,Scheme 172
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100%

Single product of an unknown dimeric structure

Scheme 172

In this case however, analysis of the crude reaatmixture was far clearer. Merely
removing the solvent from the reaction mixture edt an off-white solid that was one
pure compound byH and **C NMR and mass spectroscopy. In this reaction, four
possible isomers could be formed, tbis and trans adducts of the head-to-head
photocycloaddition,343a and 343h, and cis and trans adducts of the head-to-tail
photocycloaddition344a and 344b. In all four cases, the symmetrical nature of the
molecules ensured that all cyclobutane hydrogense wielentical; precluding

observation of coupling constants or NOagure 24.

Q HH O QHH Q OHSO OHSO

HNMNH HNi:I:EléNH HN NH HN NH
0.5 S.o o)
343a 343b H)/ 344a KH/?)Mb

Figure 24: Potential products from dimerisation ofthiomaleimide 342 and lack of

through-space interactions

It was proposed that the thiomaleimi@d2 would react in a similar manner with
another subtly different thiomaleimi@5 methyl-substituted on the nitrogegheme
173 This would resolve the protons on the two sidethe cyclobutane346 or 347),

allowing the use of NMR correlation experimentsléscribe the molecule more fully.

163



? ? Q H H 0 9 H Sy
hv
/[ZéNH + JféNMe ,,,,,,,,,,,, HN N—Me Of HN N*Me
S S

o) 0 O _Ss_o O _SH o
342 345 (/J/J/ \1\1\7 (/J/J/
Scheme 173

Prior to carrying out this investigative reactiohwas deemed necessary to establish
that theN-methyl derivative345 would dimerise in a similar time frame. Therefthe
N-methyl bromomaleimide848 was synthesised in the same fashion as the sthndar

bromomaleimid@89 and reacted with hexanethi®cheme 174
o)

o) o)
Br,, CHCl, ©' NEt,, THF
| N-Me —— N—Me |  N-Me
16 h Br 24 h, Br
o) o)

66% over two steps
o overtwo step 348 ©

0]
NaOAc, methanol
/\/\/\SH + ‘ N*Me » ‘ NfMe
Br 5 min, 83% WS
(0]
© 345
Scheme 174

A dimeric compound349or 350 was the sole product after irradiation of tienethyl
thiomaleimide345, Scheme 175seen by*H and*C NMR, and mass spectroscopy.
Therefore, this reaction showed that the dimepsatvas not just specific to the-
protic thiomaleimide842, and that thé&\-methyl derivative345 could be used.
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Single product of an unknown dimeric structure

Scheme 175

A 1:1 mixture of thiomaleimide842 and 345 was irradiated for five minutes and
complete consumption of the starting materials alaserved, to afford a mixture of the
same dimeric structures obtained previoughs/344and349/350 alongside a hetero-
coupled product, eithéd46or 347, Scheme 176

(e} (0] (e} 0]
Homodimers H H H S
343/344 HN N-Me of HN N*Me
Cveon T and
5 min 0O _Ss_o o0 sH o

Scheme 176

Separation of the two dimers from the hetero-caligdeoduct 846 or 347) was not
successful so analysis was turned to the NMR spettthe crude mixture. Fortunately,
as previously described, the dimers afforded ndulseD correlations and thus the
only standout correlations were those of the hetewpled product346 or 347). HH
COSY (CaQrelation _$ectroscopY)analysis described a strong coupling between the
two protons on the cyclobutane ring in the heteyopted product. Consistent with
FMO predictions, this showed that the products fmnm this reaction were head-to-

head, with the hexylthiyl groups adjaced4§), Figure 25.
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346

Figure 25: Adjacent protons observed by HH COSY

At this stage, possible orientations of the hetopled producB46 were reduced to
two, thecis 346aor trans346b diastereomerd;igure 26.

O HH P Q HH @

HN»%\I:I%«NMG HN?/:I:\iNMe

346a cis J)s:b trans

Figure 26: Possible stereochemical configuration dfead-to-head dimers of

HXO

thiomaleimide 346

NOeSY (Nuclear _(verhauser_féect SpectroscopY experiments showed a medium
strength coupling between the two cyclobutane mtadicating that they were 5 A
apart or les§® However, in such a strained molecule, this cowldehstill been from
either thecis 346aor trans 346b configuration$*?**and the literature suggested both
could be possibl®" 2 When a three-dimensional model of the structures wa
constructed, it could be seen that the flanking-fivembered rings maintained a very
flat conformation of the cyclobutane ring. On swiching, a Newman projection helps
depict the approximate angles between the protonke ring,Figure 27. Analysis of

the coupling constants of the doublets arising ftbese protons was very useful.

166



RS H SR HN
H SR
o) O
S fe)
o S
N O 4 NH H NH
o]
H H
~250 ~100°
Vs
H
346a cis conformation 346b trans conformation
and Newman projection and Newman projection

Figure 27: Newman projections of the cyclobutane inis 346aand trans 346b

configurations

The Newman projections depict this protons as existing at a very acute angle, whilst
thetrans protons are greater than®d@pproaching 100 The Karplus equatiofi’ Eq. 2
describes the relationship between the dihedraleayy and the expected coupling

constants¥y).28" 28

Eq. 2 33un(¢)= A + Bcosp+ Ccos
The lower curve ofFigure 28 corresponds approximately to the theoretical Kegpl

curve. The empirical range within whiéBy is found to vary in practice is shown in
the shaded reagidfi’

Figure 28: Graphical representation of the Karplusequation™®
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It can be seen frorrigure 28 that thecis protons in346a should afford a coupling
constant of at least 7, whilst ttrans dimer346b should produce a coupling constant of
nearer to 3. Fortuitously, the coupling constanth# relevant protons in the hetero-

coupled producB46was 3.1, perfectly in-line with thteans prediction 846b).

Whilst there was no literature on similar non-synmoeemaleimide dimers, there was
literature that described the relationships of Eimprotons in some flat cyclobutane
rings. Thetrans protons generally coupled with a coupling constdr2 - 4 Hz and the

cis protons coupled with a much higher value of 8 Hi**® 2°°?%some examples are

shown inFigure 29.

H
¥NH M Hy Hp M
o N Me)'€ (@]
3 0 Hy
HN - /H NH
2 NH © Hz
o Ha
3 —
s . J12 Clee) = 10.2 J23 (*Jgis) = 9.04
923 (Vtrans) = 4-1 J1z (Jeis) = 9.0 334 (lgie) = 10.2 313 Cdyans) = 3.5

Figure 29: Literature values for cis and trans protons in flat cyclobutane$®

From these values it was deduced that, with a aogmdonstant of 3.1, the hetero-

coupled producB46 had adopted thieans configuration346hb, Figure 30.

OnlpmpuoO

HN N—-Me

Figure 30: Assigned structure of dimer 346b
After this deduction, the structure of the homodisn@3b and 349 in the previous

examples Scheme 172p. 163 andScheme 175p.165, could also be inferred to be
head-to-head andansdimers, formed in 100% yiel@igure 31
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343b 349
100% 100%

Figure 31: Assigned structure of dimers 343 and 349

With these findings in mind, attention was turnedhe analysis of the product from the
initial N-Boc-Cys-OMe thiomaleimide291 irradiation. It was deemed somewhat
presumptive to immediately assume the results ef abhiral model342 could be
transferred to the chiral bulky amino acid-contagnthiomaleimide291 Thus, further
validation of the structures of the dim&#0/341was sought.

The N-Ac-Cys-NHBn thiomaleimide330 was examined. It, too, was completely
consumed in five minutes to what appeared to besgmenetrical product bjH NMR,
Scheme 177Again, however, thdH NMR spectrum showed quite broad peaks, due to
the hindered rotation of the bonds afforded byttt amide bonds. Analysis of théC
NMR indicated that the product was actually a migtaf two very similar compounds,

most likely diastereomers of the dimer prodi8%4 or 352 Scheme 177

T
(0] (0] e} N
e CLELT
’ NH NH or Q H S O
S
)(1 %{HJ@ MeCN 5 min o S S o %NH
N
H ‘Q o SH o

O H NH
330 HN

351 352

Two products of unknown dimeric structure

Scheme 177

To test the head-to-head hypothesis with two dffer bulky amino acid
thiomaleimides, a 1:1 mixture of amino acid thioema@ides291 and330was irradiated
for five minutes,Scheme 178 Unfortunately, whilst the thiomaleimid&91 and 330

were consumed in five minutes, the large numberodéntial compounds that could be
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formed in this reaction afforded numerous peakhé@tH NMR spectrum. In addition,
the free rotation of the bonds was again limited thuthe carbamate and amide bonds
in the amino acid protecting groups, resulting nodd peaks. These factors made
analysisvia 2-D NMR experiments.g.COSY and NOeSY, particularly inconclusive.

O

BnHN)Jj/NHAC
(0} 6]
Homodimers H H 0O s O
340/1341 HN NH o
NHBn MeCN 5 HN N
BOCHN ACHN 5 min 351/352 o S S O

(0] e} o _S 0
291 330 BocHN NHAC

0o OMe
BocHN

NHBnN
353 O354

Scheme 178

An alternative approach to determine the structanel stereochemistry of these
symmetrical products involved analysis™®€ satellite peaks in th#d NMR spectrum.
The analysis was undertaken with the assistander &bil Aliev (UCL, Chemistry).
Effectively, the 1.1% of carbon atoms that exisasdC in the cyclobutane ring, C1-
C4, Figure 32 would render a small percentage of the dimericlemdes
unsymmetrical, and splitting from non-identical fmmes could be seen in the satellite
peaks of the CH in thtH NMR.

0
H
fa%“;i
Q HH O O HsS P
1 2 1 2
HN?;igi;éNH Hﬁi:ii;iNH
HO S S\/O%,Lb o _SH o
?*iN 0] ) NH L /@”
o \ &
SO

Figure 32: Dimers are rendered unsymmetrical by 1% *C

This analysis is only successful when the peakguistion are distinct from all other
signals. Fortunately, for cyclobutane dim@&s1/352in deuterated acetonitrile, two
different satellite peaks from the cyclobutane Cldravin isolated regions of the

spectrum and both showed coupling constants of Thé. was in accordance with the
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achiral model346b and led to the determination of the amino aciartialeimide
dimers as head-to-head andtians configuration,351aand351b, Figure 33 As no

other peaks were present in the NMR, the yield 12896 across the two compounds.

J=34 J=34
N N
;iiﬁiingf Bt
NHHN NHHN
\351a 351b

\
100%

Figure 33: Assigned structure of dimers 3511 and 3%

Whilst the **C satellite peaks for dimers from irradiation ofothaleimide291 could
not be resolved from the rest of the spectral pe@ksvas deemed a justifiable
comparison to assume the dimers had adopted thee damad-to-headtrans
configuration as the two model syste@#6 and 351, Figure 34. Again, as no other

peaks were present in the NMR, the yield was 1008dsa the two compounds.

o e 5 5 5.0
BOCHNéO O{NHBOC BocHN4§OO : NHBoc
MeO OMe MeO ﬁe
| 340a 3400 |

\
100%

Figure 34: Assigned structure of dimer 340

To transfer the dimerisation on the single amina &0 peptides, the use of the
tripeptide glutathione was proposed. Bromomaleimi2@9 was added to the
commercially available glutathion855 affording a tripeptide thiomaleimide model
356, Scheme 179 This reaction was carried out in MeCN® to solubilise the
glutathione 355 Unfortunately, the polarity of the conjugaB®6 caused isolation
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problems and this necessitated use without furtheification. NMR spectroscopy

indicated that the thiomaleimi®56 had the correct structure.

o o)
| NH QH
Br o)
289 0
w L(NQLOH MeCN:H,O (L:1) w /g( QL
NH2 5 min NH OH
355 2 356
Scheme 179

The reaction solution frorBchemel79was irradiated to complete consumption in five
minutes,Scheme 180The dimer357 was not subjected to further purification as the
high polarity of glutathione made column chromagmiry very challenging. ThtH
NMR spectrum was complex but indicated the diménsaproducts had formed and
mass spectroscopy supported the formation of theerdi The stereochemistry of the
addition is shown agans as well as head-to-head by analysis of the NMRtspeand
with analogy to the model systems. The use of theathpione maleimide conjugaBs6
further suggested that the reaction could be appptidoulky substituents and potentially
even proteins. As no other peaks were presentear\ifiR, the yield was tentatively

suggested as 100% across the two compounds.
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Scheme 180
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The observed formation of thieans dimers can be explained by looking at the possible
transition states. Thigans dimers would originate frorexatransition states, whilst the
cis-dimers (not observed) would be formed from #reotransition statesScheme
181 If there is a lesser steric clash between theg&Rps and the maleimides, than
between the SR groups with each other and the miales with each other, then the
exofransition state is the least sterically hinderpdraach. In addition, if there are no
secondary orbital effects between the moleculesdtzav the maleimides to eclipse one
another, this would be expected. Thansproducts were exclusively observed,
indicating that the reaction proceeded through eéketransition state, and therefore,

that the smallest steric clash was indeed betweeSR group and the maleimide.

0}

— ]
oo .. Q Hu 9 RS— O HHy O

353 o . oo
RS%NH = HN NH RS%NH — > HN NH
o) o)

O RS SR o O RS SR o
exo-transition state trans-product endo-transition state cis-product
Observed Not observed

Scheme 181

The thiomaleimide291 eliminated cysteine when exposed to ten equivelefts-
mercaptoethanol (BME)Scheme 154 p. 142. To determine the dimers’ reactivity
towards BME, dimeB43 was treated with ten equivalents of BME in pH &féu No
elimination of the thiol was observedscheme 182 This indicated that the

photochemical reaction had conferred irreversipoih the modified thiol.

O y H 0] BME
= 10eq HO._ .
SH
HN?:II:((NH No reaction
g.S S o pH 8 buffer
343
Scheme 182

The dimerisation of thiomaleimides to cyclobutamesild potentially be applied to

dimerisation of proteinsScheme 183The dimerised protei@858 would contain a two-
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carbon bridge between two cysteine residues, mimick disulfide bridge that would
be stable to reducing conditions. This stable, gtieemically-mediated linkage could
potentially be useful to investigate the differenc@ protein behaviour between
monomers and dimers. The tight control that the afskght imparts on this reaction
could be used to define the exact time and locattamhich the dimerisation takes place
as, prior to irradiation, the thiol is ‘trapped’ ihe thiomaleimide and a disulfide cannot
form. Once formed, the new two-carbon disulfiderma’ would be stable to reducing

conditions.

___BME No reaction

Protein-thiomaleimide Stable protein-cyclobutane
monomer dimer
Scheme 183

Alternatively, such dimerisation could be used bmetise thiomaleimides within the
same protein. For example, disulfide bridges inagin are susceptible to cleavage by
reducing condition®.g. excess thiols, TCERBtc. If a disulfide bond in a proteiB59
was cleaved and reacted with thiomaleimide, a doldflelled proteir360 would arise
from labelling of both thiolsScheme 184 This construct would still be cleavable by
addition of excess thiols or TCEP. However, upamdiation, the newly formed
cyclobutane361 would render the ‘disulfide’ linkage stable to wethg conditions,
Scheme 184 Again, the use of light to promote the disulficémic could define the
exact time and place whereby such ‘disulfides’ wlobk rendered irreversible. The
formation of specifically the head-to-head dimess particularly useful when this
strategy is proposed as a disulfide mimic. In telabutane producB61 the thiyl
groups are close to one another and it is envistg®dhis would perturb folding less

than if the dimer formed was head-to-tail.
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Scheme 184

Photochemical conjugation of thiomaleimides with @fins

As it was now known that thiomaleimides were indpbdtoactive, it was a goal of the
work to apply thiomaleimides as partners for coaji@ns via [2+2]
photocycloadditions to olefins. The small molecwerk would serve as a model
towards the development of a novel photochemicalcdijugation strategy. For
example, if thiomaleimides were found to undergecsssful photocycloadditions with
olefins, it was envisaged that thiomaleimide-ladgelproteins could be tethered to a
molecule of interest such as biotin or to a solidacevia an alkeneScheme 185This
would allow photochemical bioconjugation startingnh modification of a native amino
acid, compared to current methodslii.iv. which largely occur from modification of

non-native amino acids.
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Patterned surface attachment for arrays

Scheme 185
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It was recognised at this stage that the conjugatia thiomaleimide with a substituted
alkene could afford two different regiomeric outasnin line with literature describing
dimerisation and photochemical reactiéff§?’® 28* ?*3yhen the two bulky groups are
adjacent, the structure is referred tosgs 362 and363 Scheme 186When the bulky
groups exist across the ring from one another sthecture is referred to amti, 364
and 365 Scheme 186The diastereomers that are then afforded arereef¢o ascis,
362 and 364 or trans, 363 and 365 depending on the alignment, or lack thereof, of
defined substituents. For exampleScheme 186cis andtrans are defined with respect

to the R and R groups.

|+ | NH hv R1 Ry,
,,,,,,,,,, > NH NH NH NH
R1 R>S R’ RS X Ri\\\R !
2 (@)

o) R2S o RS o
362 363 364 365
Syn-cis Syn-trans Anti-cis Anti-trans

Scheme 186

Regiomeric preferences of the photochemical conjutian

The outcomes of photochemical conjugations camdfiie explained with the use of
frontier molecular orbital (FMO) perturbation thgotJsing FMO perturbation theory,
the coefficients of the atoms involved in bond fations can be estimated. Alkenes
bearing an electron donating group, X, can have HO@MO and LUMO estimated by
combination of the HOMOs and LUMOs of ethylene &melallyl anion:>® Figure 35.

2 Hg 2 ¢-9

HOMO of HOMOof  HOMO LUMO of LUMO of  LUMO
ethylene  allyl anion ethylene  allyl anion

Figure 35: Estimations of the HOMO and LUMO coeffigents of an alkene

substituted with an electron donating group, X°°

Alkenes in conjugation can be approximated by erargithe HOMO and LUMO of
butadiené?® Figure 36.
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HOMO of HOMO LUMO of LUMO
butadiene butadiene

Figure 36: Estimations of the HOMO and LUMO coeffigents of an alkene

substituted with a conjugating group, C°®

Alkenes with an electron withdrawing substituent,can be estimated by merging the
HOMOSs and LUMOs of butadiene and the allyl catigifigure 37.

%@ g7 %% 5
HOMO of HOMO of HOMO LUMO of LUMO of LUMO
butadiene allyl cation butadiene allyl cation
Figure 37: Estimations of the HOMO and LUMO coeffigents of an alkene

substituted with an electron withdrawing group, 78

When a molecule is photochemically excited, antedecis promoted to the next
available molecular orbital. Thus the orbital cgaofiation and coefficients of the
HOMO and LUMO become those of the ‘HOMO’ and ‘LUMO’, ési.i. for further
discussion). As discussed the interactions thainapertant in photochemistry are those
between the ‘HOMO’/HOMO and the ‘LUMO’/LUMO of thexcited molecule/ground

state molecules.

To determine the expected preference of the reaatib thiomaleimide342 the

coefficients of its ‘LUMO’ and ‘HOMO'’ had to be estated. In order to do this, the
system had to be likened to one of the three tgpedkene, namely, either substituted
with an electron donating group, a withdrawing graar as an alkene in conjugation.
The thiomaleimide alkene had several substituealls,exerting an effect on the
coefficients of the orbitals. However, it was prtdd that the thiomaleimide alkene
coefficients would have the same effect exertechugather side by the imide system of
the maleimide. Therefore for the purpose of likgnombital coefficients, the maleimide

was ignored. The double bond’'s coefficients wererdfore likened to an alkene
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substituted with an electron donating gro8phemel87. Once excited, the coefficients
of the HOMO and LUMO of this double bond become ¢hefficients of the ‘HOMO’
and ‘LUMO’, respectively. It was these orbitalstthieere used to explain the resultant
regiochemical outcome.

O

X : X
%
N —— i — ﬂ — é% @ — é% %j(
RS RS & X
o HOMO  LUMO 'HOMO'  'LUMO’
Scheme 187

The [2+2] photocycloadditions would require dominarteractions either between the
‘LUMO’ with the LUMO of the reactive partner andehHOMO’ with the HOMO of
the reactive partner. It was uncertain how themtaleimide systems would behave so
the outcomes of HOMO//HOMO’ domination and LUMO/'IMUO’ domination were
predicted Figure 38.

G - 9

syn syn

'HOMO' HOMO products 'LUMO' LUMO products
X.----_ _C S Py
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%/ % X D Z g( g X >
e syn \\\~ff/’/z z
'HOMO' HOMO products 'LUMO' LUMO anti
products

Figure 38: ‘'HOMO’/HOMO versus ‘LUMO’/LUMO interactions and products

As can be seen iRigure 38, if ' HOMO’/HOMO interactions are dominant, whethibe
reactive partner is substituted with an electronatimg group (X, alkyl), a conjugating
system (C, aryl) or an electron withdrawing groufy &crylate), overlap of largest
coefficients always places the substituent grouggmcant to each other, isyn
configuration. If ‘LUMO’/LUMO interactions dominatéhe transition state, then the

outcome is mixed depending on the nature of therakpartner.
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As for the stereochemistry observed, the two suesits can also beis or trans to
each otherScheme 188In the following examples, thexotransition state is defined
as where the substituent on the alkeng {Raway from the maleimide in the transition
state, and affords thas product,Scheme 188Theendatransition state is where,Rits
over the maleimide in the transition state, anddda therans product,Scheme 188lIf

R; and R create a lesser clash, tegotransition state describes the least sterically
hindered approach of the two molecules, and thigldvasually be expected. If;Rand
R, create a significant steric clash or secondarytalrieiffects draw the substituent on
the alkene over the maleimide, then tmedctransition state andrans product is
expected. Secondary orbital effects can occur fooientation of the molecules in the
ground state or the excited state %

H— | H P

Ro | H O ‘
PH 'R
Lo © NH | 2 o NH
R.S \ NH — RS = NH —> .
1 RZ 1 R
0 RiS o o}

o 2 RS

exo-transition state cis-product endo-transition state trans-product

Scheme 188

As discussed, there is a real benefit for constrgdbonds using irradiation. The tight
spatiotemporal control that light affords can allolne design of complex patterned
arrays or specify the exact time and location fareaction to occur. Therefore, the
investigation of good alkene partners commencednifomise complications from the
different regioisomers from the orientation of tikene addition to the thiomaleimide,
initially some symmetrical alkenes would be invgated. A literature search suggested
that electron poor alkenes would also be usefuhpes for these reaction¥, as they
had been observed to undergo less side-reactiomsgdphotochemistry. Therefore,
acrylonitrile was chosen as an electron deficidkérsee with few protons that could
complicate subsequedH NMR analysis. In research of photochemistry farface
modification strategie¥* acrylates had been employed, thus they were &issea for
investigation. Terminal alken®8 and alkyne¥* have been incorporated into proteins
for subsequent bioorthogonal modifications, inchgdihose that are photochemically

d1.89, 210
k)

mediate thus simple olefins and alkynes were proposedogangial partners. In
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addition to alkenes with literature precedent, salvether alkenes were also chosen to

probe the photochemical reactivity of thiomaleinside

In the small molecule studies, the conversion tiares yields of the dimerisations had
all mirrored one another in that they were all ctatgin five minutes to afford high
yields of head-to-head dimers. Therefore, a simgeample to the amino acid
containing thiomaleimides, an achiral hexylthionraide 342 Figure 39, was adopted
as a model structure to probe the conjugation i@actof thiomaleimides. It was
envisaged that this would minimise the complicaiohfurther diastereomeric products
possible when a chiral centre is already presenthé thiomaleimide. The achiral
thiomaleimide342 was used as a simple model to probe ideal conditior eventual

transferral to amino acid containing variants.

Figure 39: The achiral thiomaleimide was proposeddr further model studies

Symmetrical olefins

As discussed, in an effort to minimise complicasi@rising from regioisomers, some
symmetrical olefinic partners were initially inviggtted. Varying the equivalents of the
photochemical partners was implemented in an attéempvercome the competing
facile dimerisation of thiomaleimid842 The irradiations were carried out and the
presence of dime343 was checked by analysis of tHé NMR spectrum of the crude
reaction mixture. When it was deemed that therenaadimerisation, the corresponding
crude mixtures were subjected to column chromapdgrao afford isolated material.

Cyclopentene was a good partner at three hundredaents, affording a mixture of
two diastereomer866 in 79%, Scheme 189 (a Cyclohexene afforded a mixture of
four diastereomeric compoun887 in 68% yield in five minutesScheme 189 (p In
each case the diastereomers were inseparable ecifispignals from the NMR spectra
could not be attributed to a particular structufde formation of the different
diastereomers in these reactions indicated thdt thetende andexotransition states

were possible for these partners.
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Lowering the equivalents of either of the cyclikeales below three hundreslg.to one
hundred equivalents, led to emergence of the dgatoin producB43 alongside the

conjugation products.

Maleimide had been used as a partner for reseantth cycloadditions for
bioconjugation®® and surface strategi&¥, thus it was chosen as a possible partner.
Unfortunately, regardless of the number of equivialeit was never a successful
reaction partnerScheme 1901t was found that maleimide polymerisation donteok
the reaction at high equivalents and dimerisatibthimmaleimide342 occurred when

lower equivalents of maleimide were used.

o) 0 o) o)
hv
| NH + | NH —X——> uN NH
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Scheme 190
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Electron deficient olefins

A patent by Liuet al!*? described the use of maleimide and electron deficalkenyl
partners in [2+2] photocycloaddition, thus electrmpoor olefins were investigated.
Acrylonitrile was chosen as an initial partner iawas both electron poor and contained
few protons that could complicate the resultantyai® Three hundred equivalents of
acrylonitrile were required to completely negatmelisation. The products formed in
this reaction were the two isolable regioisomershefaddition of the acrylonitril868
and 369, but each regioisomer was one particular diasteeepin 29% and 39% yield,
respectively,Scheme 191 From through-space interactions deduced from NOeS
experiments and coupling constants, it was detexdhthat the nitrile warans to the

thiyl group in both cases.

Scheme 191

Owing to the lower number of diastereotopic protonthe conjugation products of this
reaction compared to when cyclohexene and cyclepenivere used, the crude reaction
mixtures were easily analysed, and the resultslaogvn inTable 27. Analyses of the
crude reaction mixtures byd NMR clearly showed that decreasing the equivalerfit
acrylonitrile allowed the dimerisation reaction t@ke place in increasing amounts,
Table 27.
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Table 27: Photoconjugation of thiomaleimide 342 wit varying equivalents of

acrylonitrile
NEC— | NH HN NH
o | v Eﬁé - ;Iji
/\/\/\S ~ MeCN Jd S S o

; S-S
o) N 5min >
342 368 and 369
343

Entry Equivalents Ratio of (368 + 369):343

1 300 100:6
2 100 73:27
3 10 23:77
4 1 10:96

®Ratio obtained from analysis of the crude reactiixture by’'H NMR, these values are not yields.

An interesting result with acrylonitrile was thaettwo different regioisomef368 and
369 had been formed in similar yields. There are twetplated explanations for this
outcome. Firstly, the formation of both productaldobe attributed to the reaction
occurring from competing interactions of both tHd&JMO’/LUMO of the reactive
partners as well as the ‘HOMO’/HOMO, leading totbptoductsFigure 40.
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Figure 40

An alternative explanation for this outcome couédue to the coefficients assigned to
acrylonitrile. As a Z-substituted alkene, its coméints are modelled on a combination
of the butadiene and ally cation orbitaisgure 37, p. 177. The model is taken from

Fleming’s interpretation of perturbation theory aad generalisation for Z-substituted
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olefins®® However, acrylonitrile is a complex example of asubstituted olefin,
whereby, the allyl cation can be given more weighthe construction of estimated
orbitals, as the €N bond is highly polarisetf® *** This subtle change can alter the
polarisation of the HOMO of acrylonitrile, and thtigs alternate view of the orbitals
can afford thenti product from ‘HOMO’/HOMO interactiondrigure 41 As there are
two contrasting interpretations of acrylonitrilgdslarisation, it could be postulated that
the double bond is not heavily polarised towardsegiend of the double borgf: #°°
and both orientations are possible from the san@VI®’/HOMO interaction.

6_

6+0N ‘ ‘
c’ S et S

= . E Alternative
“ 'HOMO'/HOMO
o NN C\\\N affords anti
Extra significance given to HOMO
HOMO of allyl cation 'HOMO' HOMO

Figure 41

Thetrans diastereomer868 and369 of both regioisomers were formed, suggesting that
the reactions had proceeded through #mdoctransition state. In the case of
acrylonitrile, the olefin substituent was very simahis could have resulted in steric
interactions becoming negligible and even smallaased interactions betweem-aor
n*-orbital in the nitrile system and the excited gnound state maleimide carbonyl
affording thetrans configuration of both regioisomeric compounBigjure 42
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ﬁéNH /‘EéNH ﬁgNH I NH
RS” o rRS” o rRS” o RS™ %

Figure 42: Postulated secondary orbital interactios that could afford theendo

transition state

Acrylates had been implemented in [2+2] strategiegards surface modificatioris’
153 therefore phenyl and methyl acrylate were explaasdpossible partners. Phenyl
acrylate itself caused problems in isolation of dmmjugation product when used in

large excess (100-300). It co-eluted with all pmiduin column chromatographic
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purification and dominated any attempts at analyBige best result obtainable was to
use ten equivalents of phenylacrylate. Whilst 47#edisation producB43 was also
isolated, 48% of a conjugation prod&8t0 was afforded. This product was just one
regioisomer and just one diastereonf&cheme 192 The syn addition of the acrylate
was in accordance with dominant ‘HOMO’/HOMO inteians rather than
‘LUMO’/LUMO interactions. The diastereomer was aggd a<is with respect to the
thiyl and the benzoate group due to the lack ajubh space interactions seen between
the protons shown ifscheme 192 The cis configuration of this diastereomé&70
supported the formation of the cyclobutane throtlgh least sterically hinderegko
transition state, as expected. If the orientatibthe benzoate and the thiyl werans,
the distance between the two protons shown shailéds than 3 A% #*This would
afford a strong through-space interaction that wobke seen by NOeSY NMR
experiments. Indeed, this coupling was seen whams configurations were formed,
Scheme 191p. 182, thus its absence was taken to iofeprientation of diastereomer
370.
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NOe o
o ZF\H oHHo
\ NH NH
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342 ¢ A@ 5 min J $S o
48% 41%

Scheme 192

Methyl acrylate was employed in three hundred eajaiMs to afford 49% of the single
conjugation producB7l, Scheme 193again as one regioisomer and one diastereomer.
Lowering the equivalents of methyl acrylate alstorafed dimer343 as a by-product.
Again, the syn addition of the acrylate was in accordance withmohant
‘HOMO’/HOMO interactions rather than ‘LUMO’/LUMO irractions. Thecis
configuration of this diastereom@&i71 supported that this reaction proceeded through

theexotransition state, as expected.
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At this stage, botkynandanti addition of the alkenes had been observed, asaseis
andtrans orientation of the substituents on the cyclobutang. It was envisaged that,
in the course of investigations into olefinic pars further trends in the addition and
orientation of the substituents would be estabtishe

Conjugated olefins

Stilbene, 1,1-diphenylethylene and styrene weresehoas conjugated alkenes that
could be useful photocycloaddition partners asrtbein absorptions were minimal in
the region targeted by the larfi3:>*®*When ten equivalents tfans-stilbene were used,
no starting materiaB42 or dimer343 were observed by analysis of the crude reaction
mixture by'H NMR spectrum. However, after column chromatogyapteither the
cyclobutane372 nor any identifiable products were isolat&theme 194 Increased
steric hindrance on both positions of the alkenaldohave precluded efficient

photocycloadditions with other reactions occuriimgfead.
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/\/\/\
S Y O MeCN o
342 5 min
10 eq
372
Scheme 194

Ten equivalents of 1,1-diphenylethylene affordeo6df thesynadduct373 after five
minutes irradiationScheme 195Whilst this orientation had been observed witheot

partners, it was interesting to see that even withlarge substituents on the alkene, the
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preference was for the product whereby both thetguknt on the alkene and the thiyl

are adjacent.

( g
NH
/E/éNH + L .
/\/\/\
S MeCN S o)
342 (e} 5 min, 64%

10 eq

373

Scheme 195

When styrene was used for the conjugation reactimme was a very interesting
outcome. The use of just ten equivalents of stysdfeded 70% of the [2+2] adduct in
one regioisomer as one diastereomer, #yn-cis product 374, Scheme 196
Additionally, the remaining mass was just one iBldacompound. Mass spectroscopy
indicated that the second compoB®b was of the same mass as the desired conjugate
374 and thus an alternative conjugation product wésrédéd in 30% yieldScheme
197. At this stage, minor producd75 was assigned as the product of a [5+2]
photocycloadditiort’® **Scheme 196but as the compound was an oil it could not be
crystallised. AdducB75 represented another mode of conjugation for thiecotes of
interest, indicated by both high and low resolutieass spectroscopy. The [5+2] adduct
was suggested asl and**C NMR compound described the structure as stiltaioing

an alkene peak, but it had gained a methylene aathine group, alongside the
aromatic ring. This suggested that the thiomaleen3d2 had incorporated the styrene
via loss of the styrene double bond, but n@ a [2+2] photocycloaddition of the
thiomaleimide double bond. The [5+2] photocyclo&iddi had only been reported from
intramolecular systems by Booker-Milbuehal,**® % *%however, at this stage, it was
deemed the most likely side reaction. StrucBBwas proposed as the alkene CH had
a weak correlation with the new GHEnd not with the new CH, and the new Cirid

CH were adjacent, seen by HH COS¢theme 196
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O
| ONH + \ hv
]_Oeq 374 375
70% 30%

Tentatively proposed
[5+2] product

Scheme 196

The postulated [5+2] mechanism would involve hortiolgleavage of one of the N-CO
bonds (-cleavage) to create a di-radic876 across five atomsScheme 197
Subsequent insertion of the two atoms of the seyrdauble bond would result in

formation of the seven-membered ridith

o O> 10 eq \

5 h o
| *NH L | N S NH
/\/\/\
T MeCN s 0
342 e} 376 (e}
375
o Potential O-carbon cleavage Tentatively proposed
[5+2] product
Scheme 197

The intention of this work was to tether two molesutogether and, at this point,
styrene represented a 100% conjugation of the pénidlgyl and aromatic ring, albeit
with 30% of this conjugatiomia a proposed [5+2] conjugation.

A recurring pattern seemed to be that in the [#jtocycloaddition the addition of the
photochemical partner occurred with the bulky gragjacent to the thiyl pendant
group - asynaddition. Also, it appeared that there was an gmgrpreference for the
substituent on the alkene to adoptia configuration with the thiyl group. Further
partners were thus investigated to see if, and wihese trends altered, with the goal of
furthering the scope of this reaction. It was eaged that through the trial of partners,
further [5+2] products would be isolated that woslgport the assignment. Ideally, a
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solid [5+2] adduct would be afforded and crystalligo confirm the structure by X-ray

crystallography

Terminal and internal olefins and alkynes

Terminal alkenes and alkynes were investigatechasetwas literature precedent that

they could be incorporated into proteins for subseq bioorthogonal modificatiorts*
189, 210

The terminal alkene, hex-1-ene, could overcomdahbiée dimerisation if used in three
hundred equivalents, and 41% of tkgn-cisconjugation producB77 was afforded,
Scheme 198However, a further 6% of the [2+2] prod&17 was inseparable from
another compoun®78 Scheme 198 Mass spectroscopy indicated that, similarly to
when styrene was used, this second compound w#seocdame mass as the desired
conjugate377 and was therefore afforded in 12% yield. This coomqu was tentatively
identified as the [5+2] addu@78 as, similarly to the styrene [5+2] addB3#5 NMR
investigations indicated that the thiomaleim&#2 had incorporated the butewi the
butenes double bond, but the thiomaleimide alkeHew@s in tact. HH COSY NMR
indicated a weak coupling between the alkene CH taednew CH, which again
coupled to the new CH. In this instance, the new ¢odId be seen to couple to the
CH,CH,CH,CHs alkyl chain,Scheme 198further evidence that the structl8@8 was
correctly assigned. A sample of the proposed [ScJuct378 was isolated pure for

analysis but as an oil it could not be crystallised

" Weak "
H-H
No COSsy
NOe H-H
O
. ZF\H (} H H ) cosy
H
NH H
‘ + hv H. + \ D
NH MeCN S o S NH [~h
NN ;
S 5 min o
342 (0]
300 eq
377 378
12% with 377
41% isolated Tentatively proposed
6% with 378 [5+2] product

Scheme 198
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When the internal alkene counterpart was usede thuedred equivalents tans-hex-
3-ene, a similar proposed [5+2] product was affdrde just 6%379 Scheme 199
However, in this instance, there was no expecte@][2onjugation product observed.
The [5+2] product379 was proposed as the newly formed compound stilhtaiaed
the CH from the thiomaleimid&42 alkene with a new methine and methylene,
alongside the alkyl chain of the hex-3-ene. Howgtleg compound was again isolated
as an oil, precluding recrystallisation and thug ttereochemistry of the single
diastereomer was not defined. It was postulatetthiatstage, that with analogy to the
use oftransstilbene, the desired [2+2] cyclobutane may hagenbtoo congested to

form under the reaction conditions, or perhapsstoained to withstand isolation.

H HD Single diastereomer
T MeCN ‘ H of undefined
S NH stereochemistry

5 min, 6%

300 eq 379

Tentatively proposed
[5+2] product

Scheme 199

In contrast to the terminal alkene, the use of hgxe afforded neither conjugation
products nor dimer at three hundred equivalentsalmomplex mixture of products that
could not be characterised. Conversely hex-3-yrniorégdd 49% of the [2+2]
conjugation produc880 when used in three hundred equivalents, the diyslobutene

afforded from these reactiorfScheme 200

0
/Q " MeCN NH
5 min, 49% S

300 eq
380

Scheme 200
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Encouraged by the success of this alkyne and syirethis reaction, phenylacetylene
was chosen for irradiation with thiomaleimid@42 When ten equivalents of
phenylacetylene were used, a [2+2] add2Rt was formed in 12%Scheme 201In
this unusual case, the substituent on the alkyreeatomatic ring, was ‘opposite’ the
thiyl pendant as the result of amti addition. This could be due to the linear bulky
nature of phenyl acetylene forcing the least sédlsichindered approach of the two
groups. Interestingly, 6% of the thiomaleimi8é2 starting material was recovered in
this reaction and no dim&43 was isolated. This potentially indicated the aiyne
was slightly quenching the photochemical activatbmhe thiomaleimid&42 and thus
the dimerisation. In addition to the cyclobute3®l, a 13% yield of cyclobutang74

was isolatedScheme 201

H O
0
NH +
MeCN |
5 min S. o NN

10e 381 374 342
q 12% 13% 6%
Scheme 201

This indicated that theynaddition did take place, but that the resulsygcyclobutene
product382 was more prone to photoreduction than #ém& addition product381,
Scheme 202Such photoreductions can occur in photochemeadtions that form 1,4-

conjugated systems, whereby the excited statelzstraat protons from the solvefit.

H O H O g O
hv hv.
NH + _ vy + 2

MeCN NH | NH MeCN NH
I SN e

381 382 374

10 eq 12% Not isolated 13%

Scheme 202
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An interesting feature of cyclobutane formed irsthéaction374 was that it had the
same stereochemistry as the product from reacti@tyocene with thiomaleimid&42,
Scheme 196 p. 188. This was postulated to occur due to th@uction of the
cyclobutene882from the face of the succinimide rather than thg pendant group.

Allyl and propargyl alcohol were not successfultpars in this reaction, regardless of
the equivalents employed. It appeared that thehalsdoehaved as nucleophiles, either
with the thiomaleimideB42 or with any formed product, as there were a nunadbe

alkenyl and alkynyl peaks in the crude spectra.

At this stage a summary of the alkene and alkymaes employed shows the scope of

this conjugation strategy,able 28.

Table 28: Photoconjugation of thiomaleimide 342 wit different partners

Entry Partner Eq Yield of [2+2] Proposed [5+2]
product product ¢

1 Cyclopentene 300366, 7896 --

2 Cyclohexene 300367, 689 --

3 Acrylonitrile 300 368and369 68% --

4 Phenyl acrylate 10 370, 48% --

5 Methyl acrylate 300 371, 49% -

6 1,1-diphenyl ethylene 10 373 64% --

7 Styrene 10 374, 70% 375, 30%

8 Hex-1-ene 300 377, 47% 378 12%

9 transHex-3-ene 300 -- 379 6%

10 Hex-3-yne 300 380, 49% --

11 Phenylacetylene 10 381,12% (13%) --

4nseparable mix of diastereomefCombined yield of two isolable regioisomer&7% dimer343 also
isolated. “Structures were assigned at this stage as [5+2]casld°Cyclobutane374. All reactions were

carried out at 0.005 M in acetonitrile for 5 mirsite

Whilst the formation of the proposed [5+2] conjugatproducts375 378 and379 was
unexpected, the adducts still represented congatf the substituent on the

thiomaleimide342 with the substituent on the alkene. It could bensthat, overall,
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styrene afforded the best yield of conjugation. Wkg/rene was used, combining the
yields of the two products obtained afforded 10Q%6jagation of the two substituents.
For synthetic chemistry, where tight control of gteucture of the formed products is
necessary, the forming of two different productgmibe sub-optimal. However, the
goal of this work was to investigate model struesufor biochemical conjugation. As
discussed inl.ii.iv., photoaffinity labelling, a current method of bisgugation, has
largely non-specific modes of reactivity. The kagtbr in tethering biomolecules is the
yield of modification and not the mode, or modesb,tlmt conjugation. Thus, this
modification strategy could prove useful for pratenethodologies. The formation of
just two products also meant that the reaction easy to analyseia the 'H NMR
spectrum of the crude reaction mixture and thuses®y was chosen as the model
reaction partner with which to probe the reactioofife.

In-depth investigation of the photochemical conjugion with styrene

Investigations were undertaken into the photochahmeaction of thiomaleimid&42

with varying equivalents of styren&able 29 When the equivalents of styrene were
increased to three hundred, entryTable 29 the yield of isolated conjugation product
374 decreased, potentially due to continued reactidth wxcess styrene leading to
degradation. Decreasing the equivalents of stytethé¢o increased formation of dimer
343 whilst the ratio of other products remained l&gerchanged, entries 3 - Bable

29. Interestingly, with just one equivalent of styeethere was still a preference for
conjugation over dimerisation - indicating thatretye was a very powerful partner for

photochemical reaction with thiomaleimidé2
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Table 29: Photoconjugation of thiomaleimide 342 wit varying equivalents of

/ilé MeCN
5 min o 3 S o
342 10eq 375
Tentatively proposed
[5+2] product

Entry Equivalents Yield of 374 Yield of 375 Yield of 343

styrene

H O ? OHHO

HN NH

1 300 49 5 -
2 10 7¢ 307 -
3 4 63 31° 5
4 2 66’ 26° 7
5 1.5 58 34 11°
6 1 59 14 20

3solated yield.” 'H NMR ratio. All reactions were carried out at 0.0@5n acetonitrile.

Investigations into solvent and concentration weaeied out with styrene to ascertain
if the conjugation could be applied at the low camtcation and in the aqueous solvent
systems required for protein chemistri€able 30 Protein modifications, undertaken as
part of the aforementioned collaboration, by Dr M8mith (UCL, Chemistry, Caddick
group), had been carried out at concentration®wasak 72uM. Therefore, guided by
this work, the reaction was tested at this conediotn, entry 2 Table 30 The reaction
still proceeded well in just five minutes with slariratios of the [2+2] produ@74 and
the proposed [5+2] produ@75 Whilst the reaction was complete in five minutigs,
was deemed necessary to ascertain if the reacshed completion before this time.
At just two minutes the reaction was complete amal ratios of the two compounds
remained very similar, entry 3able 30 However, when thiomaleimid842 was
irradiated in the presence of ten equivalents gfese for just thirty seconds, only
minimal reaction was observed, entryTéble 3Q This indicated that the timescale for
this reaction was between thirty seconds and twautas. It is interesting to note here
that the lamp used on these studies takes apprtelymrseven to ten minutes to ‘warm-
up’ and reach its full spectral radiance. Thereftre reaction was effectively complete

before the lamp was at its maximum power. Thisdapiaction was perhaps not too
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surprising as thé\max of thiomaleimide342 was 347 nm, with a high extinction
coefficient, and the lamp had an intense spectugput near to this at 365 nm. For
example, the extinction coefficient of thiomaleimidvas around ten times that of
maleimide (9500 cifM ™ at 346 nnxf. 720 cm*M™ at 275 nm).

It was important that the conjugation would procéedvater as most applications for
bioconjugations involving proteins must be carrmat in agueous media. After two
minutes in water (5% acetonitrile) the reaction wasnplete, and there was even a
slight further preference displayed for the [2+2pquct374, entry 5, Table 30 This
could be due to increased interaction of the hyldobpc reagents in water adopting
more favourable configurations for the [2+2] phgtoaddition. Interestingly, in
water, the proposed [5+2] prodiB&3 had slightly different chemical shifts. Analysis o
the NMR spectra from this molecule indicated ttregt alkene in the ring was weakly
coupling to the new methine, rather than the metig/las previously observegt,heme
203 This could arise from a similar seven-membered,rbut where the styrene has
been incorporated to afford the alternate regioesoim that observed previously. It was
uncertain why carrying out the reaction in wated lchanged the configuration of the

products obtained.

hv H H Ph
H
/QNH 10 eq syreng e(\qNSti/rene " ):IiéNH . \ H o+ Ph
ater
IS | 2 Tnin Ph S NH S NH

S
o o o}
342 374 383 375
86% 14%

Previously observed
structure of proposed
[5+2] product

Tentatively proposed
[5+2] product

Scheme 203

The photochemical lamp used in these trials was@\® MP Hg lamp which had a
wide spectral range and intense emissionsXseie for further details). The intensity of
the light source used could potentially limit theewof the strategy for proteins that were
particularly sensitive to irradiation. Thereforeetexperiment was carried out under a
much weaker hand-held lamp (UVGL-55, 6 W, UVP Irequipped with a filter, with
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only one major emission at 365 nm. Whilst the rieactook considerably longer (1.5
h), it still proceeded in a reasonable time to raffsimilar ratios of the two products,

entry 6,Table 30

Table 30: Investigations into the limits of the phtoconjugation of thiomaleimide

342 with styrene

" (o) "
o
\ Ph
/[ZéNH + | v S NH
/\/\/\S +
o}
342 o
375

10 eq

Tentatively proposed
[5+2] product

Entry Concentration (uM) Time Solvent Ratio of 374:37%

1 5000 5 min Acetonitrile 70:30
2 72 5 min Acetonitrile 80:19
3 72 2 min Acetonitrile 71:29
4 72 30s Acetonitrile 7:0°

5 72 2 min Watef 86: 14
6 72 1.5 Acetonitrile 69:31

®Ratios deduced fromH NMR. "93% thiomaleimide342 remains. 5% acetonitrile. “Product had
slightly different chemical shifts ifH NMR spectra indicating [5+2] produ8B3 °Reaction carried out

under 6 W light source.

As the product profile was largely unchanged betwego and five minutes, the

optimum irradiation time was kept at five minutdhis was deemed an adequate
compromise between a rapid reaction and minimasston the lamp, as repeatedly
turning the lamp off before it has fully warmed (lgetween seven to ten minutes)

lowers the lifetime of the filament.

With analogy to the dimeric structuB3 the cyclobutan&74 was subjected to ten
equivalents of BME in pH 8 buffer and no reactioaswobservedScheme 204 This
indicated that the photochemical transformation hemlv rendered the cysteine

modification irreversible in the presence of exdbssl.
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BME
10 eq HO\/\SH

>  No reaction
pH 8 buffer

Scheme 204

This had similar implications in the conjugationadfins to thiomaleimides as it did in
the dimerisation. Fundamentally, by carrying o fB+2] photocycloaddition on any
given thiomaleimide, the thiol would no longer bienenated upon exposure to reducing
conditions. This has applications in that the pbleémical conjugation of a labegla
photochemistry would be stable to reducing condgidn addition, any thiomaleimide
in a protein384 could potentially be made stable to reducing emrirents simply by
photochemical formation of a cyclobutaB®5 Scheme 205

{1
Protein-cyclobutane
stable to reducing condition

Protein-thiomaleimide
unstable to reducing condition

Scheme 205

An investigation into the tolerated substituentst@ styrene was undertaken at this
stage and 4-aminostyrene, 4-methoxystyrene antér@tyrene were chosen as readily
available styrene analogues that would probe tbBl@of the reactionkigure 43,

Q,, 0, T"

4-Aminostyrene  4-Methoxystyrene 2-Nitrostyrene
Figure 43: Styrenes proposed to probe the photocheoal behaviour of

thiomaleimide 342
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The only product isolated from reaction with 4-aostyrene was one regioisomer and
one diastereome¥86, thesyn-cisproduct386in 17% yield,Scheme 206The low yield

of this reaction compared to the standard styrenetion was attributed to nucleophilic
reactions of the aniline group causing many mudtipy-products. This was postulated
due to the many species observed in the ctHd§MR spectrum that still contained the
styryl alkene peaks, although these side-produasewiot isolable upon column

chromatography. No [5+2] adduct was seen in thastren, entry 2Table 31

(@]
NN ‘ NH + ‘ L»
S MeCN
o 5 min
NH
342 10 eq ©1T%  HN

Scheme 206

In the case of irradiation with 4-methoxystyreriesre was a preference for just gy
regioisomer once more. However, in this instanbe, product was a 10:1 mix of
diastereomers, with the major prod@&7b in trans configuration, thus existing as the
opposite diastereomer to past styrene examples; 8nTable 31 The through-space
interaction of the two protons itrans diastereomeB87b could clearly be seewia
NOeSY NMR experiments. The [5+2] produg88 was again proposed due to key
couplings observed in NMR spectra and was agaorddtl as an oil in 25%8cheme
207.

" Weak n
H-H
No cosy
NOe NOe (\
e H @ H O O H
P H
hv H NH H NH
| NH+ — + . g
S MeCN S o @ S o
0 5 min
/O O 0 )
10e | \ Tentatively proposed
d [5+2] product
342 | 387a 111‘0 387b ‘ 388
67% 25%
Scheme 207
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The identification of the major diastereon@87b as trans indicated that the [2+2]
photocycloaddition had proceeded through ¢hectransition state. It was postulated
that this was due to secondary orbital interactiplaging the anisole moiety over the
maleimide ring. As the aromatic ring of the styrema&s polarised by attachment of a
methoxy group, increased secondary interactiong Wwgpothesised. Taking the orbital
phases of anisole as a motf&ithe now rich HOMO of the aromatic system could
perhaps interact further with the maleimide’s alsit particularly over the aligned
carbonyl in the maleimidd;igure 44. Coefficients are ignored here for clarity. This
could place the aromatic ring over the maleimidg &nd afford thérans configuration
cyclobutane887h.

OMe %om HOMO

HOMO .
of anisole .0
Y 2NH
RS™ 6

Figure 44: Postulated secondary orbital interactios that could afford theendo

transition state

A similar result was achieved when the thiomaleem8#2 was irradiated with 2-
nitrostyrene. The major [2+2] addu889b was insyn configuration but the aryl and
thiyl group weretrans opposite to the stereochemistry seen with thehstguted aryl
ring, Scheme 208The [5+2] producB90 was afforded as a thick oil in 21%, entry 4,
Table 31, proposed due to key couplings observed in NMRtspassScheme 208

" Weak "

No

o NOe
‘ = hv i
NH -+ MeCN  H-
S 5 min
(o]
N
NO

Oz
10 eq
) NO; Tentatively proposed
[5+2] product
342 389a 389b 390
3% 55% 21%
Scheme 208
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The identification of the major diastereon®39b astrans indicated that this reaction
had proceeded through tkedotransition state. It was postulated that this was to
secondary orbital interactions placing the nitrbstiluted aromatic ring over the
maleimide ring. As the aromatic ring of the styrema&s polarised by attachment of a
nitro group, increased secondary interactions wengothesised. In the case of 2-
nitrostyrene the aromatic ring was now electronciisit. Increased interaction between
the LUMO of the aromatic ring, modelled on the bgiaz cation™® and the
thiomaleimide, particularly over the carbonyl; abwead to theendo configuration in

the transition state and thans product witnessedsigure 45.

LUMO ! é i

NO,

of benzyl ; o
cation QNH
RS :

O
Figure 45: Postulated secondary orbital interactios that could afford theendo

transition state

Comparison of the results of varying styrene stitstn showed that only in the
reaction of thiomaleimid&42 with 4-aminostyrene was the [5+2] conjugation prcid
not observed, entry Zlable 31 Interestingly, substituting the aromatic ring lwen
electron withdrawing (N@ and a donating (OMe) group had the same effecthen
substitution pattern, specifically, formation ottlnans diastereomer became favoured,
entries 3 and 4Table 31
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Table 31: Comparison of the photoconjugation produts of thiomaleimide 342 with

various styrenes

o H O n o n
| NH + | R _ hv N, Ar
- " MeCN o) s NH
342 0] P> 5 min 5
10 eq
A B
See text for stereochemistry Tentatively proposed
of addition [5+2] product
Entry R Yield of [2+2] product Yield of proposed
A (cis:trans) [5+2] product B
1 -- 70% (is) 30%
2 4-Amino 17% (€is) --
3 4-Methoxy 589 (1:10) 25%
4 2-Nitro® 679 (3:55) 21%

4nseparable mix of diastereomeP€ombined yield of isolated diastereomers

It could now be seen that throughout the conjugatéactions there was an over-riding
preference for the [2+2] conjugation to adoya approach, with substituents on the
cyclobutane adjaceng§cheme 209In fact only acrylonitrile afforded any of ttamti

product, se&cheme 191p.182.

(@] W7

NH

\ NH + l —_hv R)ji
WS R MeCN S 5

342 9

syn-products

Scheme 209

This suggested that in most cases the ‘HOMO’/HOME@ractions were dominant in
the reaction. As ‘LUMO’/LUMO interactions tend tce lobserved when the reaction
occurs from an me* transition!®® this could be taken to suggest that the initiat*n-
singlet transition collapses to, and reacts frohe, si-n* triplet rather than the m?*

triplet. The exotransition state afforded the expected adducts in the majority of
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cases. Where thieans adducts were formed, secondary orbital interastioave been

postulated as resulting in tkedotransition state

The range of olefins and alkenes that could besatlin this reaction to afford [2+2]
conjugation products was very promising as it sstggethat the reaction was tolerant
to a variety of partners. It was a goal of this kvt modify a protein labelled with a
thiomaleimidevia a [2+2] photocycloaddition with an olefin to protiee concept that

this was a viable method of bioconjugation.

Photochemical behaviour ofN-substituted thiomaleimides

Up to this point, the minor products in some of tkactions had been attributed to
[5+2] adducts. The [5+2] reaction has been docueteipurely as an intramolecular
phenomenon?® 3®put it was the side-reaction that was deemed Hilasy. As the

proposed [5+2] photocycloaddition would have reedicleavage at one of the N-CO
maleimide bonds, an investigation into varying Nbstitutions was undertaken, to

ascertain if this increased or decreased the ptiopasf the proposed [5+2] products.

N-Methyl, phenyl and methylenecyclohexanyl thiomalieies 345 391 and 392 were
targeted to probe how the reaction profile altendth changes to the maleimide, from

simpleN-methylation to the addition of an aromatic grokijgure 46.

A/\;S/iio’\l A/\QS/E;EN‘@ N;?s/ié:p

Figure 46: ProposedN-substituted maleimides

The N-methylthiomaleimide345, Figure 46, had previously been synthesised in efforts
towards investigating the dimerisation of thiomalies. When irradiated with ten
equivalents of styrene for five minutes, a 70% comd yield of separable
diastereomer893a and 393b was isolated. The major diastereor38Ba was in-line
with past trends as it waynandcis to the thiyl pendant grougcheme 210Notably,
none of the proposed [5+2] product was observedy énTable 32
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o NOe NOe
| ZF\‘H o (\‘H o
— hv _ _
/QN + N + H=— N
MS MeCN S
e T

393a 393b
58% 12%

Scheme 210

The N-phenylbromomaleimide394 was obtained from Dr James Baker (UCL,
Chemistry) who followed a literature proceddteand the hexylthiomaleimidg91 was

synthesised under standard conditions in 48éheme 211

? o
+ | N@ NaOAc, methanol
SN .
SH g 5 min, 48% | N@
© O

/\/\/\S
391

394 was provided by
Dr J. R. Baker

Scheme 211

Irradiation of thiomaleimid@91 with ten equivalents of styrene afforded an insaiple
mixture of diastereomer395aand395bin 80% after five minutes irradiatio®cheme
212 A 1% vyield of a proposed [5+2] produg®6 was also isolated, entry Zable 32
again key NMR couplings indicated its structu#eheme 212

n Weak "
H-H
COSsY H-H

No
o NOe Lo (o\ cosy
- N-ph H H
| N@ + _hv N-Ph + He— | Ph
H S
S MeCN © S 9 s N.
o

o} 5 min S o Ph
10 eq Tentatively
proposed [5+2]
product

391 1395a 1117 395p
\ 396

80% 1%

Scheme 212

This reaction unusually afforded theans diastereomeB95b as the major component

(80%). In 2008, it was discussed that in structufeless than eleven atoms, what are
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often deemedr-stacking interactions’ from two aryl rings are walty largely due to
increased van der Waals interactions due to the @fasrientation of two flat motif&?
This increased interaction between the two sulesiteimay have brought the styrene

endoin the transition state with the maleimidégure 47.

I o

ﬁé N
RS

o
Figure 47: Postulated increased van der Waals intactions between styrene and

thiomaleimide 391 that could favour theendo transition state

The N-methylenecyclohexane bromomaleimi8®7 was synthesisedia condensation
of N-methylenecyclohexamine with bromomaleic anhydiida sealed tube at 15C

in 25%, Scheme 213The bromomaleimid897 was then reacted with hexanethiol in
methanol in the presence of sodium acetate todaftoe thiomaleimide892 in 84%,
Scheme 213

O
O
CgHy3SH o
‘ o) AcOH, sealed tube‘ ‘ 6113
Br * 1.RT,3h N NaOAc, methanol B
le) NH r S

2 2.150°C,90min B' 84%
25% 397 392 o
Scheme 213

Irradiation with ten equivalents of styrene fordiminutes afforded an inseparable
mixture of diastereomeric produc398aand398b in 55%,Scheme 214The addition

of the alkene was in agreement with establishetemeces, in that the pendant groups
on the cyclobutane wesyn entry 3,Table 32 However, the major diastereon8948b
was thetrans configuration, elucidated from NOeSY NMR experinsischeme 214
The reason behind this was uncertain as the additioulk on the nitrogen was not

expected to aid thendotransition state.
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No NOe

NOe
o | ﬁ{\\H 0 (/\\H 0
hv N N
N " ey H—
MeCN ! + o1
/\/\/\S i (@) O
o) 10eq ™" <i::>
392

Scheme 214

By adding steric bulk at the nitrogen, the propog&é2] product was almost
completely negated,able 32

Table 32: Comparison of the photoconjugation produts of styrene with variousN-
substituted thiomaleimides

o] \ H
hv
/iléNR v MeCN
/\MS 5 10 eq 5 min S
A B
Proposed [5+2]
product
Entry R Yield of [2+2] product A Yield of proposed
(cis:trans) [5+2] product B
1 Me 70%" (29:6) -
2 Phenyl 809%(1:11) 1%
3 CHCy 6496 (1:10) -

aCombinedyield of separable diastereomePS€ombinedyield of inseparable diastereomers.

The proposed [5+2] reaction required interactiorstyfene with the diradical, formed
from irradiation, in proximity to the nitrogen suitgent on the maleimideScheme
198 p. 189. Therefore, it was postulated that indrepshe bulk of the nitrogen
substituent had attenuated the formation of thepgsed [5+2] products, presumably

from steric clash at the reacting bonds.
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Photochemical behaviour of various S-substituted flomaleimides

Attention was turned at this stage to the natureahef thiyl pendant group. It was
postulated, that if there was competition betwesaction at the double bond, for the
[2+2] addition, and reaction at the imide bond, tfog [5+2] addition, then adding bulk
to the thiyl should favour the [5+2] addition. Th#are, tert-butyl, cyclohexyl and

phenyl substituents were investigatEdjure 48.

(@] (o] e}
S e
5% RS S
399 400 401 ©

Figure 48: ProposedS-substituted maleimides

tert-Butylthiomaleimide399 was synthesiseda reaction of bromomaleimid289 with
tert-butylthiol. It was necessary to add greater tha@ equivalent as it seemed that the
bulk of the thiol was retarding the reaction. Asresult, a yield of just 30% of
thiomaleimide 399 was isolated with an inseparable impurity of deulaslddition
succinimide402 in 8%, Scheme 215The double addition produd2 could not be
removed by column chromatography but this was resnted too problematic as it
wasn't predicted to react with the styrene in tbajegation reaction, thus the material

was taken on without further purification.

O >k
1.5 eq 'Bu-SH o s P
| NH
Br 1.5 eq NaOAc, methanol j\ | NH NH
0 5 min S %/S
289 399 © 402 O

‘ 30% 8%
\
Inseparable

Scheme 215

When the crude thiomaleimid899(402) was irradiated for five minutes with ten
equivalents of styrene, a 92% vyield of diastere@y8Bg 403b and404 was obtained
from the [2+2] conjugation, based on thiomaleim&®® in the crude starting material,
with no proposed [5+2] product, entryTable 33 This yield represented the highest to
date as a mix of diastereomers. The two major @liestners were identified @93a

and403b in a ratio of 1:4, thérans andcis diastereomers of th&ynaddition,Scheme
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216 However, alongside this, there were small amounitsthe alternateanti
regioisomeric diastereomed94. The favoured formation of theans product403 was
not in accordance with most of the reactions bug @xplained as due to the bulk of the
pendantert-butylthiyl group. Similarly, the alternate regiommers’ appearance could be
explained by the added bulk of thert-butylthiyl group adding more steric constraints
on the system. As predicted the double additiorciasirnide impurity 402 from the
crude starting material was recovered in 100% yaldhe end of the photochemical
reaction, as it had not undergone any photochemeeation.

5 min
o) 10 eq % O
404

S Identified by
403a  13:87 403b small peaks in

73% 399 by mass ‘ the 'H NMR

\
92%
Scheme 216

Synthesis of the cyclohexyl analogue afforded tmentaleimide400 in 18%. Yet
again, the addition required excess thiol and thieimide400 was inseparable from
the double addition product, succinimid@5in 5%,Scheme 217

Q

O
o S
| NH Y /O | NH NH
B HS 1.5 eq NaOAc, methanol S s
' 0O 5 min e} 0o
289 15eq 400 405
‘ 18% 5%‘
\
Inseparable

Scheme 217
Irradiation of crude thiomaleimidé€00(405)with ten equivalents of styrene resulted in
an inseparable mixture of diastereom&8aand406bin 74%, based on thiomaleimide

400 in the crude starting materighcheme 218 The preference for the expecteid

207



product406a re-emerged here as it was by far the dominantiepext 83% of the
mixture, entry 2,Table 33 The succinimide impurityl05 from the crude starting
material was recovered in 29% at the end of thastren, based on the succinimidi@5
that was in the crude starting material.

400
Crude

66% 400 by mass | 406a 83‘117 406b |

74%
Scheme 218

Use of thiophenol afforded thiomaleimid@1, from the bromomaleimid289in 17%
yield, Scheme 219

0] 0]
+ NaOAc, methanol
| NH : > @ | NH
Br HS 5 min, 19% S
(0] (0]
289 401

Scheme 219

The resultant thiomaleimidé01 was irradiated in the presence of ten equivalehts
styrene for five minutes to afford two isolable stereomergl07aand407b, entry 3,
Table 33 In accordance with theert-butyl analogue, it now appeared that preference
was overwhelmingly towards thigans product407b in 67%, compared to theis
diastereomedQ7athat was only formed in 69&gcheme 220Somewhat surprisingly, it
appeared that any positive interactions of the &anamatic rings did not afford thas
iIsomer as the dominant product. Instead, in acomelavith thetert-butyl analogue, it
was postulated that the bulk of the phenylthiylgart clashed with the styryl aromatic

ring and afforded thendotransition state and theans diastereome407h.
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0 10eq 5 min
400
407a 407b
6% 67%
Scheme 220

Interestingly, it was realised at this stage thaatiag bulk at the thiyl pendant had not
minimised the [2+2] conjugation product and it leadirely negated the proposed [5+2]
reaction pathwayJable 33 This was not expected as adding bulk in proxinutyhe
bonds involved in the [2+2] photocycloaddition shbihave favoured the [5+2]
reaction. This was the first indication that theoducts proposed as [5+2]
photocycloaddition adducts might, in fact, have woed from a different reaction

pathway.

Table 33: Comparison of the photoconjugation produts of styrene with variousS-

substituted thiomaleimides

o)
(o] ‘ H ’
| NH hv NH + Ph
RS ¥ MeCN I RS NH
o) 10eq 5 min (0] o
A B
Proposed [5+2]
product
Entry R Yield of [2+2] A Yield of proposed [5+2] B
(cis:trans)
1  t-Butyl 9296"° (13:87) -
2 Cyclohexyl 74% (83:17) --
3 Phenyl 73% (67:6) -

Ysolated alongside regioisomers (see texBisolated as an inseparable mixture of diastereamers

“Combined yield of isolable diastereoisomers.

Probing the proposed [5+2] photocycloaddition

Substituting the nitrogen had negated the propd$e®] pathway, but so had
substituting the sulfur, which was unexpected. &Jghis point, it had been deemed that

the minor conjugation products were from intermaolac [5+2] photocycloadditions.
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Whilst intramolecular examples were known this would have represented the first
intermolecular variant of its kind. Work by the Bw@w-Milburn research group had
favoured the formation of [2+2] adducts over [5+]ducts with the use of triplet
sensitizers? It was postulated that the [2+2] reaction proceetieough the triplet (i)
pathway and the [5+2] proceeded through the simqma¢hway (9, Scheme 221The
outcome of the reactions could be altered by amditf additives that behaved as
sensitizers? '8 % 2%2tavouring the [2+2] reaction and shutting down #%e-2]

pathway.

hv

N
sensitized T O o [2+2] cycloaddition
O ‘ 1 L] L]
N\ R R

@O
R
R
R ]
o — o]
o 0 R
| - s °. [5+2] cycloaddition
hv \ N R N
direct R
O
(e}

Scheme 221

Similarly, it was envisaged that if the two photestical reaction pathways of
thiomaleimide 342 were [2+2] and [5+2] photocycloadditions, then simeadditives
could be used to favour one of the pathways inrélaetion of thiomaleimid842 with
styrene. Reagents were chosen by direct analodiietovork of Booker-Milburnet
al.,**® where acetophenone and benzophenone had sucteaktred the path of [2+2]
versus[5+2] mediated reactiond? behaving as triplet sensitizers and favouring the
[2+2] reaction. Quinoline had not successfully s&red the triplet reaction in the work
carried out by the Booker-Milburn grodfy, but was chosen for comparison to
acetophenone and benzophenone. The additives bebhlalve as triplet sensitizers or
quenchers?® thus the outcome of their addition to the irraidiat reaction of
thiomaleimide342 and styrene was not predicted. It was merely thotiwat they would
have a notable effect on the proportion of the [23®duct374to the proposed [5+2]
adduct375. If the product ratios significantly altered, tluisuld indicate that the side-
product375was indeed the [5+2] adduct.
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The model reaction of thiomaleimi@&2 plus ten equivalents of styrene in acetonitrile
was used to investigate the effects of these a@ditiThe standard irradiation for five
minutes was carried out, and then the solvent reatiovvacuo *H NMR spectroscopy
was used to investigate the ratio of [2+2] prodiacthe proposed [5+2] product. No
notable effects were observed when acetophenomeppkenone and quinoline were
used, entries 2-4able 34 This suggested that the addition of these reageas not a
viable method of forcing the reaction to one oveslnting product. In addition to
guidance from work carried out by the Booker-Milbuesearch groufs? the reaction
was also carried out in acetone, as it was a knoiptet sensitizeP* but no change in

the ratio was observed, entryTgble 34

Table 34: Investigations into the use of triplet genchers and sensitizers in the

reaction of thiomaleimide 342 with styrene

H O O n
NH 4
" MeCN S o S NH
5 min o
10 eq 10 eq additive
374 375

Tentatively proposed
[5+2] product

Entry Additive Ratio of 374:375'
1 No additive 70:30

2 Quinoline 73:27

3 Benzophenone 69:30

4 Acetophenone 63:37

5 Aceton@ 70:30

3Ratios deduced frofiH NMR. PUsed as reaction solvent.

As the potential sensitizers and quenchers hadsinawimal effects on the outcome of
the reaction, the identification of the compoundaab+2] adduct was again brought

into question.
It was deemed necessary to establish that the gedpfb+2] produc375 was not

formed from a secondary photochemical reactiorhef[2+2] adducB74. Therefore a
mixture of the [2+2] adduc374 and the proposed [5+2] add8Z5 were subjected to
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further irradiation and no change in the ratio wagnessed,Scheme 222 (a)
Additionally, both the isolated [2+2] addu8¥4 and the proposed [5+2] addW&T5
were irradiated separately and no reaction was, Ssveme 222 (band(c). After one
week in solution, no change in the isolated prosldit4 and 375 was witnessed,
Scheme 222 (b)and (c). These results all indicated that the products ol

interconvert.

(a) IS NH hv

S
(0] No change in ratio
¢} MeCN
5 min
374 375
Tentatively proposed
: 3

[5+2] product

2 h
—V> No reaction
NH MeCN
5 min
(b) ]
(0]
////) | MeCN No reaction

H
S
374

1 week
n O n
hv )
MeCN No reaction
© S NH ] 5 min
(0]

375 L MeCN No reaction

Tentatively proposed 1 week

[5+2] product
Scheme 222

As substituting the thiol with bulky groups had sdawn the formation of the proposed
[5+2] adduct, which was unexpected, and the addiiosensitizers and quenchers had
no effect on the outcome of the photochemical amfditthe proposed [5+2] products
were brought into question. The proposed [5+2] pot&l could not be crystallised as
they were all oils, thus X-ray crystallography abutot be used to confirm their
structure. The proposed [5+2] products were nowud| as such, there were no similar
compounds for direct comparison in the literatWkéthout crystallographic data, NMR

spectroscopy was the technique of choice to hehfiroo the structures of the proposed
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[5+2] adducts. The'H, **C, HH COSY and HC HMQC (eteronuclear Mltiple
Quantum_®herence) spectra all fitted the proposed strucBr® The HC HMBC
spectrum from proposed [5+2] prodB15 also seemed to fit well with the proposed
structure,Figure 49 (b) However, the HMBC spectrum was difficult to irgest as
there was literature that suggested that quatercamyons, and carbon centres across
double bonds could sometimes demonstrate no caJmiwen when close-by, and that
flat connectivity, amide bonds andsystems could all increase the number of bonds
through which correlations could be sé&hLack of correlation between the Sg&hd
thealkene CH, 1Figure 49 (b) was a cause for concern but it was explainedhby t
dividing thio-alkene. However, the most speculatveassignments was from the SCH
to the CH in the azepine ring, Bigure 49 (b) The distant correlation was previously
attributed to the dividing heteroatoms and amidadbextending the scope of the

observed multiple bond coupling.

2. HC
Weak HH HMBC

COSY(\ HH 3.HC
QL MH) cosy (O\ H ) HMBC
H H 1. No HC H H
| Ph HMBC { 1 oh
S NH [due to s
S-C=C?] 4. Very distant

NH
© s HC HMBC
H [due to S and
amide?]

(@) (b)
Figure 49: Correlations seen and missing by (a) HICOSY and (b) HC HMBC

At this juncture, it was felt that the proposed Zp+adduct375 had perhaps been
misassigned. Therefore, all known mechanisms frdmtgchemical activation of
maleimides were ignored and the spectra reassestedll the structural information

that had now been obtained.

In order to make an unbiased assignment of thetste; ‘missing’ H-C correlations
were not taken into account and all present H-Cetations were assumed as from 2-4
bond couplings, as is the standard raiigélsing these parameters, the data indicated
that there was a CH bonded both to the thiyl grangthe aromatic group originating
from the styrene, affording fragmefa), Figure 50, this was very different to the

original supposition. This CH was bonded to a,CQHat, through multiple bond
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correlation, could couple to the alkene in fragm@ni Figure 50. In addition to these

two factors, both carbonyl signals appeared arduf@ ppm, indicating that they were
both maleimidic in nature, fragmeft), Figure 50. With these factors in mind, and
ignoring what was deemed ‘likely’ from past precetlestructure408 was proposed,

Figure 50.

i

R N
O
(b) HH H | NH
H — NN
. _ S
v W 0

| NH C=0,170.96 ppm
© x C=0, 169.95 ppm
o)

Figure 50: Fragments described by NMR and elucidaté structure 408

The previous HH COSYa) and HC HMBC(b) correlations could now be attributed to
those shown irFigure 51 Furthermore, under the guidance of Dr Abil Ali@yCL,
Chemistry), the'H NMR spectrum was further processed to resolvellscoaipling
constants by minimising line broadening in the spee. By minimising line
broadening, coupling constants of 1.5 Hz could eensbetween the alkene in the
maleimide with the CkHand the NHc), Figure 51

\ O
H
E
NH=d,J=15
L H \
ddd, J=15.8, 7.8and 1.5.7 (6]

ddd,J=15.6,78and15 g

() HH COSY

(b) HC HMBC () *H coupling constants
Figure 51: (a) HH COSY and (b) HC HMBC coupling and(c) small coupling

constants in structure 408 seen b{H NMR
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Comparison of the proposed structd@8 with known compounds was not completely
conclusive as the products were novel and the @ddaffuite unusual, but there were
some similarities between the literature and thsitipms of the peaks observed. '

NMR, the aryl-thiyl CH in structurd08 was at 4.11 ppm, falling between 3.69-4.78
ppm, the range found for this proton in similar gmunds, Figure 523043%

Additionally the maleimide-CHin the structuré08 was between 2.96 and 3.01 ppm, a

little higher than literature examples (2.40-2.7@m>°">% but taking the adjacent

phenyl ring into account, this was deemed acceptdbl addition, the SCHin the
structure408 was between 2.26-2.36 ppm. In literature examPe€? 310 Urigure

52, similar protons fell between 2.18-2.45 ppm, andas thus felt that the structure

408 was now correct. The structure was further cordinby corroboration of th€C

NMR shifts of compound08with the available literature compounti®,**?Figure 52

For example, the maleimidic alkenyl carbons werg2&.41 ppm (CH) and 147.26 ppm
(C) in 408 cf. literature values of 128.3 ppm (CH) and 142.28:1@ ppm (Cy°® 32
Whilst similar structures with®C spectra could not be found for most of the cormipiar

carbons, the Cladjacent to the ring iA08 was also close to literature values for this
carbone.g.28-31 ppnrf. 29.24 ppni Figure 52

S O 2.38-2.20 3.7ppm 2.4 ppm 6.22 ppm O 2.45 ppm
O , ppm ! N |
T S{R S” Mnonyl  CisHs1 o S
4.65-4.78 ppm HO O—
R =Various o) H
6.15 ppm ?
4.11 ppm / 3.69-3.72 ppm
1.98 ppm 2.36-2.26 ;{n: i ¥ 0
H 2.30-2.18 ppm
H ? LGN A Y {-218pp
H
| NH /\/\}\S N s o
H,H
f O
H
H$ H O 3.01 and 2.96 ppm ) o
l .
129.41 ppm
142.28 ppm o o
\ Ph 128.3 ppm O
| NH | NH N
29.24 ppm o)
28-31 ppm  147.26 ppm
(C=0) = 172.25 ppm 13 . (C=0) = 170.6
(C=0) = 172.55 ppm 408 "C NMR shifts (C=0) = 1717

Figure 52: A range of some literature examples focomparison to structure 408
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At this stage it was realised that all of the prsgaub[5+2] adducts with styrenes were in
fact of this ‘insertion’ nature, with the correareesponding HC HMBC and HH COSY
correlations. The structures also all showed thallsooupling constants (1.1-1.6 Hz)
after further processing of thefH NMR spectra. Therefore the vyields and true
structures of the products observed from thiomabn342 and 391 irradiation with

different styrenes with were identified as showifrigure 53

O/
NO,
O o] O
s 6o s 6 s o

409 410 411
(Previously 388) (Previously 390) (Previously 396)
25% 25% 1%

Figure 53: Proposed structures and yields of the mducts of the minor conjugation

The ‘insertion’ products from the reaction of thiaimide 342 with but-1-ene and
transhex-3-ene also demonstrated the correct HH COSIYH HMBC NMR spectra
for assignment as shown Hgure 54, yields are given underneath the structures.
Maleimide 412 demonstrated the small coupling constants of IZzirHthe'H NMR
after further processing of the spectrum, but mailde 413 did not. This could be due
to the extra substitution in maleimidé 3 affording a slightly different conformation of
the structure that lessened the coupling beneathhiteshold of the software used to
process the spectra (Topspin). In the ‘insertiodpicts412 and413 it was noticed
that the SCH appeared further downfield in the aliphatic thieet than in those
substituted with an aromatic ringigure 54. This was a potential cause for concern as

the reverse was expected, with the $SQ@idar an aromatic ring expected to be further

downfield.
2.49 ppm o) 2.83and 275 ppm o i ]
¢ ¢ 2.36-2.26 ppm O
HH | NH HH | NH
A/\%s M cf. HH | NH
S
.412 413 IS 408 o
(Previously 378) (Previously 379)
12% 6% - -

Figure 54: Comparison of SCH in 412 and 413 with SCHin 408
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However, it seemed that this outcome was in acomelavith literature examples. For
example, it could be seen that the JGH thioethers with an aromatic substituetit4,
415and416, were usually upfield compared to €Hn simple thioethergl17 and418,
Figure 553 313 3MThjs was not explained in the literature examtesid but could
be due to an orientation of the aromatic ring wheré electronically shields the SGH

leading to an upfield shift in the NMR signal.

2.45 ppm
2.30-2.18 ppm

Y N
\OMS "y s o

2.65 ppm 2.50 ppm
/N /N
HHHH HHHH
MSM MSM
417 418

Figure 55: CHs in thioether with and without aromatc substitution

It was uncertain why this subsection of the pagneralled afforded the alternate
‘insertion’ conjugation. It could be proposed thhe ‘insertion’ products are more
stable for these examples, and this merely supgdnir isolation in these cases. There
were no accounts of exactly this transformatiothimliterature but several mechanisms

could be postulated.

For example, aliphatic thioethers can undergo hgtitotleavage of the C-S bonitf.
Cleavage of the C-S bond in thiomaleim@#2 and addition across the styrene double
bond,Scheme223 could theoretically afford compounds of the sdentified in these
reactions. However, no homocoupled disul#®4 or dimaleimide422 were isolated in
these reactions, thus radicd$9 and 420 would have had to have undergone a very
selective and regiospecific reaction with styreénegrder to afford just one by-product.
This was deemed highly unlikely as homocouplingagficals is usually the major result

of such reactions*®
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hv N\
| NH —— P | NH
NH
/\/\/\S/[é /\/\/\S°3 &. ‘ O
o}
342 419 420 O

P N e Ny
S

421 O Not observed
Not observed

Scheme 223

An alternative mechanism was derived from the fdwt when irradiated with
appropriate electron acceptors, thioethers can Veelzs electron donof& If the
styrene is taken as an electron acceptor, a messhacen be envisaged whereby the
products of the electron transfer event can affbedobserved conjugat®8 Scheme
224. Combination of the two radical spec#23 and424 and Michael addition from the
terminal position of the styryl species could affothe cyclobutane enolaté25.
Collapse of the enolatd25 would fragment the C-S bond and afford the product
isolated408, Scheme 224For this mechanism to be viable, radical recomfoom must
take place exclusively at the benzylic position @mel Michael addition of the anion

from the terminal position of the styrene.

0 ) °

o o)
- > R _— = R
| NH Styrene | NH N =0 +Qg NH RS | NH
RS, RS, 423 Y
0] (' ) RS e) (¢}
342
L, - 425 408

R = CgH13
424

Scheme 224

Additionally, thiocarbonyls are capable of [2+2] apbcycloaddition® 37 and a
resonance form of the thiomaleimide can be drawerelty the C-S bond has double
bond characte426, Scheme225. If this double bond is treated as a thiocarbdhgh
[2+2] photocycloaddition can be postulated to tplkece with the styrene double bond.

It has already been discussed that such cycloadditiusually have a preferred
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orientation, and this could explain why only onefiguration was observed. Collapse
of the enolat&25 and concomitant cleavage of the C-S bond woulordfthe observed

product,Scheme 225

o) ]
K hv | RS | NH
NH
st Styrene
[ X ] O O
342 408
R =CgH13

Scheme 225

When the nitrogen of the thiomaleimide was subigtitino ‘insertion’ products were
isolated. This could suggest the tautomer showcimeme 22played a key role in the
transformation. It was postulated that tautod26 and its resonance ford27 perhaps
had a stabilising effect on thé=& bond, allowing the thiocarbonyl [2+2] to takeq,
Scheme 226 When the nitrogen was substituted, the formatérthese tautomers
would have been disrupted. This could potentiatiyoant for why, upon substitution of

the nitrogen, products of this kind were not isedhat

o] o
| N Resonance - Conjugation
{ " N duct
RS Ré produc
oH ) OHazr
/

Tautomer

Scheme 226: Tautomers of the thiomaleimide 408 calstabilise S=C bond

It was postulated that the electron transfer ant2]2hotocycloaddition mechanisms
would both be attenuated if the thiyl group’s bsliopped approach of the styrene.
Indeed, when the thiyl pendant was increased iRk, products of this kind were
isolated, bolstering the likelihood of these meddiais over the homolytic fission

mechanism which should have been less affecteduliky lgroups on the thiyl pendant

group.
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Increased solvent polarity could favour the elettransfer mechanisthas the charged
radicals would have been stabilised by the solvétdwever, the opposite result
occurred, and, in water, there was, in fact, agoegfce for the expected [2+2] adduct.
This potentially made the electron transfer medraniess likely. When the reaction
was carried out in water, the different chemicattsiof the product could be attributed
to maleimide428 Scheme 227 This product has the opposite orientation witspeet

to the styrene ‘insertion’, although this compounds not isolated. One possible
explanation why the latter two mechanisms werectgfe by the aqueous solution was
due to the hydrophobicity of the styrene. Both naetéms were bimolecular processes,
whereby the styrene and the thiomaleimide had toinbelose proximity for the
reactions to occur. When exposed to aqueous metiayas possible that the
hydrophobic styrene formed a close-packed systeimtive organic thiomaleimide42
Potentially, this pre-orientation afforded the wdte configuration4d28 Scheme 227
shows how the altered orientation could have pexithe different produet28in the

latter mechanism.

O

o)
| NH > 0
\"
342 _ °© 7 ,R's . RS [ \H
o)
o)
375

In acetonitrile, the molecules are free to adopt the preferred conformation for reaction

0O

428

In water, hydrophobic interactions may pre-arrange the molecules

Scheme 227

After the investigations into the spectral datéhef previously proposed [5+2] products,
it was thus concluded that the products were it the result of an unknown
mechanism that afforded ‘insertion’ products. Thpeeducts were unprecedented and

represented a new photochemical reaction. Ultimateirther in-depth mechanistic
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studies of this ‘insertion’ were not the focus bistwork and no further investigations

were carried out on this.

Photochemistry of intramolecular analogues

The potential of using irradiaton to render a thademmide stable to reducing conditions
has already been discussed, see p.174 and p.19¥eveEQ in dimerisation and
conjugation strategies, the modifications impaxadhe thiol are rendered irreversible
by photochemical reaction with another moleculevdis postulated that incorporation
of an alkenyl tether onto the thiomaleimide wouldwa the molecule to react with itself
upon irradiation, to impart the irreversibility affled from cyclobutane formation. For
example, it was postulated that irradiation of mthadeimide 429 would form the
cyclobutanet30. It was envisaged that the cyclobutd3® thus formed would be stable

to reducing conditionsScheme 228

x O
N 0
X
N hv NH RSH
| NH . - Y e > No reaction ?
S S o
o}
OMe
BocHN BocHN OMe
429 O 430 O
Scheme 228

In order to determine if the [2+2] photocycloaduliti would proceed on simple
substrates, it was deemed necessary to synthesifelds431and432 Figure 56. The
aminomaleimidet31 was chosen with a view to tethering the alkenthéomaleimide
via an amine with eventual transferral to aminothiemaides, Figure 56. The
thiomaleimide432 was proposed to investigate tethering the alkenthé maleimide
via sulfur with the eventual goal of synthesising dithaleimides that could undergo

the proposed intramolecular [2+2] photocycloadditiéigure 56.

o H O 0 0
— ‘ NH — ‘ NH

7N % RS N RS
431 O 432 o O
Aminothiomaleimides Dithiomaleimides

Figure 56: Planned maleimide cores for intramolecwr studies
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The aminomaleimidd31 was synthesiseda addition of the commercially available 3-
butenylamine hydrochloride salt to bromomaleimig®9 in the presence of two
equivalents of base in 76%cheme 229

o o}
2 eq NaOAc l NH
/A/\NH2 + | NH methanol, 10 min NN
.HCI Br 76% H (o)
289 O 431
Scheme 229

The thiomaleimide 432 proved more problematic as 3-butenylthiol was not
commercially available and had to be synthesisé Jynthesis of the thigl35 was
not trivial as it was volatile and prone to formiitg disulfide. With the intention of
displacing the mesylate with a thio-nucleophileg tappropriate alcohoft33 was
converted to the methylsulfonad4@4 with methanesulfonyl chloride and triethylamine
in 87%, Scheme 230 Unfortunately, treatment of this mesylat85 with any one of
thiourea and then base; sodium bisulfite; sodiuntabisulfite or sodium hydrosulfide
afforded no usable product. The reactions were melean, and attempts to purify the
material only resulted in loss of the volatile M35

*SR
2 eq methane sulfonyl chloride, (O\\ -
.S PSR > AN
Z " oH 2.5 eq NEt3, DCM /\@ Xy Koo SH
0,
433 1h, 87% 434 435
SR = Thiourea, Na,SO3, NaS,0s5, NaSH

Scheme 230

The eventual route to thiel34 involved the thio-mitsunobu reaction of 3-buteiil-
433 with thiobenzoic acid436 to afford thioester437 in 96%, Scheme 231 The
thioesterd37 was less volatile than the thi®85 but care was still taken as it was soon
noticed that the product could be lost under thengt vacuum used to remove residual

solvent.
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S 1. PPhg, DEAD, THF, 0 °C, 30 min o

S OH HO)K@ e NS*@
96%

433 436 437

Scheme 231

The thioester437 resisted hydrolysis in pH 8 phosphate buffer, butderwent
hydrolysis after three hours when dissolved in smdimethoxide. Thén situ thiolate
was immediately added dropwise to a cooled solutibbromomaleimide289 in an
effort to minimise double addition of the reactiolate, affording thiomaleimidé32,

Scheme 232

NH
(0] /ﬁ P
Br
g NaOMe e 289 O | NH
437 0°C,3h Methanol, 5°C -~ S Y
5 min, 41% 432

Scheme 232

Irradiation of the maleimide431 and432 was successful, with both variants affording
almost pure crude reaction mixtures. Column chrograiphy removed a small amount

of impurities and the tricyclic structures weretbafforded in 93%$Scheme 233

h 47
5 min
| NH v,
N MeCN NH
7z 0
431 438
o H
1 NH hv, 5 min NH
/\/\S MeCN
7 o 93% S o
432 439
Scheme 233

This indicated that the desired intramolecular [[2rgaction would occur with similar

molecules. The aminothiomaleimidel0 was used as the model for this work rather
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than dithiomaleimid&40, Figure 57, as, owing to time constraints, the incorporatbn

the butenylthiyl to afford dithiomaleimid&t1was not achieved.

O
\/\/N ‘ MS
. NH | NH
O
OMe
BocHN BocHN/I:W/OMe

o
Not synthesised
441

Figure 57: Proposed model for intramolecular studie

Starting from the commercial dibromomaleimide, eqgeivalent of the 3-butenylamine
hydrochloride salt was added to afford a 47% ywdldhe single addition produdi4?2,
Scheme 234

O H (0]
Br NEt \A/N
Z " ONHp HCl * | NH 3 | NH
Methanol, 5 min Br
Br 5 47% 5
442
Scheme 234

However, when one equivalent of cysteine was addethis construct, an array of
compounds could be seen in the crude reaction nefier ten minutes, including free
cysteine, cysteine disulfid808 bromothiomaleimide293 and dithiomaleimide294,
Scheme 235The terminal alkene peak of the amine could retseen in the crude
reaction mixture. This indicated that the cystedimel was capable of reacting with the
aminobromomaleimidé42to displace the amine. Additionally, the cystetoeild react
more than once with the compounds in solution fordfdithiomaleimide294. The
presence of the mixture of compounds could be tjivoformation of the desired
aminothiomaleimidet40 and further reaction to the products seen in thee; orvia

direct displacement of the amine by the thiol.
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As, at some point in the reaction, aminobromomabtim42 had converted to
bromothiomaleimid®93 the use of maleimide as a novel protecting griou@mines,
with subsequent deprotection by thiols was recaghisere. However, addition of a
variety of thiols, including cysteine, to the sim@minomaleimid®95, resulted in no
reaction,Scheme236.

(@]
10 eq, RSH
| NH N i
“U N NaOAc, Methanol, 10 min 0 reaction
H o]
295 RSH = N-Boc-Cys-OMe, CgH;3SH, CgHsSH

Scheme 236

This reaction suggested that the previous displaoérof an amine by a thiol was
specific to the aminobromomaleimidl2 under those particular reaction conditions.
Aminobromomaleimides of similar structure to theimmbromomaleimide442 were

deemed too reactive to be utilised in a realistiotgrting strategy, as they could

potentially react with other functionalities, ankist methodology wasn't taken any
further.
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It was decided to approach the mixed aminothiomati 440 from the ‘opposite’
direction, i.e. attaching the cysteine motif first and then addthg amine to the
bromothiomaleimide&293 thus formed. The bromocysteine addR88 was synthesised
in 88% yield. Although notably, with sacrificial lmiomomaleimide used in excess to
limit double addition of the cystein&§cheme 237 With this product in hand, it was
reacted with one equivalent of the appropriate ansialt to afford a 75% vyield of the

aminothiomaleimid&40, Scheme 237

O H (0]

O Br. MN
Br 0.5 eq N-Boc-Cys-OMe, [ NH g, He | NH
| NH S - S
Br 0.5eq NaOAg, e} NEtz, methanol e}
o) methanol, 5 min OMe 16 h OMe
83% BocHN 75% BocHN

o 0o
293 440

Scheme 237

It took an hour of irradiation for complete consurmp of the maleimidet40, and the
result was not the expected cyclobutdd@ Scheme 238Crude cysteine disulfidg08
was the only isolable material from this reaction,approximately 65%, but further

purification of dicystein08was not successful.

(0]

NH O
MeO NHBoc

SN v

NN hv, MeCN S
oNH R L s o
S Lh /g(OMe

o)
% BocHN OMe BocHN

BocHN OMe y o
440 O 308 441
65% crude L Notisolated
Scheme 238

The cysteine was possibly liberateth initial formation of the cyclobutand4l,
followed by the thiol lone-pair allowing the ringsening of the highly-substituted
strained ring to form the sulfonium42 Scheme 239 This cation could then be
hydrolysed to afford the free cysteine, which coufdtime, form the disulfide308
isolated,Scheme 239The fate of the 5,7 ringd3was unidentified as no other products

were isolated from this reaction.
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Scheme 239

The cysteine appeared to be liberated from thenthieimidevia irradiation,i.e. the
cysteine was ‘uncagedvia photolysis. This could potentially have applicagoin

uncaging of thiomaleimide modified proteidd4 to afford the free thio#i45 Scheme
240.

445
Thiol 'caged' as a thiomaleimide 'Uncaged' thiol

Scheme 240
This reaction could potentially start investigasomto photochemically-mediated
elimination of the cysteine from the thiomaleimidenstructs, but due to time

constraints this avenue was not explored any fuiththis work.

Photochemical conjugation of amino acid thiomaleindes with styrene

As the [2+2] photocycloaddition of thiomaleimidesdaa variety of alkenyl partners had
proven successful, attention was turned to theadiglis reaction for conjugation of

biomolecules. The focus of this work was to invgese potential modes of conjugation
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of peptides and proteins thus the photochemicglugation of thiomaleimideg91, 330
and 356, containing amino acids was investigatddgure 58 In addition, the
diastereochemical purity of the conjugation produat these reactions would not be
crucial as this would be less relevant for proteaconjugation applications.

o) o) 0

S
S S o o

° 3 w Hjcj\
N
BocHN OMe AcHN NHBn HO™ N OH
o

291 O 330 NH, H o 356

Figure 58: Amino acid based thiomaleimides

When thiomaleimide291 was irradiated with ten equivalents of styrenedetonitrile

all peaks in the crude NMR could be assigned tceetqnl products from the [2+2]
photocycloaddition conjugation reaction. With arahicentre already in the starting
material, the range of diastereoisomers likelyeddymed was further increased, to add
to the potential regioisomers, thus a complex criMdR was expected. Mass
spectroscopic analysis of the crude reaction indécéhat conjugation products were the
major products formed. Column chromatography of tb€idue was difficult as the
compounds were similar and prone to degradatiosilice. However, after the first
column, a mixture of four diastereomers could bensen the NMR spectra in a
combined yield of 63%. Further column chromatogsa@iforded the two major
diastereomergl46a and 446b as an inseparable mixture in 23% in a ratio of, 1:1
Scheme 241 The diastereomers were tveyn addition products, postulated to both
have cis orientation, as no through-space interaction cdddseen by NOeSY NMR

experiments between the protons indicated.

(o) No NOe H o No NOe

| NH
S = hv, MeCN
o * .
OMe 5 min
BocHN

10 eq

Scheme 241
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The two other diastereomers seen after the firkinwmo chromatographic purification
were not fully characterised but were tentativedgigned ag47aand447b, Figure 59,
due to the similarity of all of the chemical shifts the crude’H NMR to the

characterised compounds and established trentissindnjugation.

Y °
BocHN OMe BOCHN%Y/OMG

447a O 4470 O

Figure 59: Proposed structure of un-isolable diasteomers

Lowering the styrene equivalents to just one a#drcio dimer340 and very similar
crude NMR spectra, with a similar mix of the fouastereomers isolated in 52% after

one column chromatographic purification.

The N-Ac-Cys-NHBn cysteine thiomaleimid830 was completely consumed after
irradiation with ten equivalents of styrene in fim@nutes. Mass spectroscopy of the
crude reaction again indicated that the conjugatimducts were the major products
formed. After column chromatography, 78% of twostikreomers were isolated48a
and448b, as a 1:1 mixture, and further column chromatodgyagfforded 19% of just
one diastereomefcheme 2421t could not be determined which of the diasterers
448aor 448bwas isolated, as crystallisation was not succedanalysis of the crude

allowed almost all of the peaks to be attributethtoconjugation products isolated.

O No NOe )(\H ) No NOeZ\\/\\
| NH . NH H
s/i . hv, MeCN T
NHBS 5 min RN ©
AcHN j\WNHBn
o ACHN
330 o

10eq 448a

78%
One diastereomer isolated from further chromatography
in 19%

Scheme 242
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Similarly to theN-Boc-Cys-OMe thiomaleimid291, when the styrene equivalents were
lowered to one, the reaction was still successiith no dimer351 and the crude NMR
spectra indicating high conjugation yields. A semimixture of the two diastereomers
448aand448b could be isolated from this reaction by columnochatography in 87%,

in a ratio of 1:1.

When the crude glutathione thiomaleimide add@&6 was irradiated with ten
equivalents of styrene, NMR analysis of the crugbection mixture also indicated a high
yield of conjugation in five minutesscheme 243 This reaction was carried out in
acetonitrile:water (1:1) to solubilise the glutatte adduc856.

H O
| NH NH
= hv, MeCN:H0 (1:1)
S +
o o . ©o 5 min S ©
HO - N QJ\OH W H%
NH H o HO™ N OH

2 - H

10 eq NH2 (o]
356
Crude 449 + 450
Scheme 243

Unfortunately, due to the highly polar nature afitgthione, column chromatographic
purification was not suitable for this reactionide®. Whilst NMR spectra indicated
that there were several conjugate diastereomensefbin the reaction, LCMS indicated
the presence of four compounds, all of mass 50a.7These compounds were present
as two pairs, tentatively attributed to two setsiafilar diastereomers by analogy with

past modelskigure 60.
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Figure 60: Mass spectrum of reaction mixture aftetirradiation of thiomaleimide

356 with 10 eq of styrene for 5 minutes

The photochemical conjugation strategy had theeeBurccessfully been shown with
thiomaleimides containing amino acids. This was nusg very promising as it
suggested that the [2+2] photocycloaddition cowdteptially be transferred to proteins
or peptides containing a thiomaleimide from mogifion of a single cysteine residue
with bromomaleimid&89.

Previous work by Dr Mark Smith (UCL, Chemistry, @&k group),Scheme 132p.
124, and Felix Schumacher (UCL, Chemistry, Bakeug), Scheme 135p. 126, had
shown that dithiomaleimides can be formed from bh@conjugation of two thiol-
containing moleculese.g. a protein and a thiosugar, or from the modificataf a
disulfide in protein. It was decided to investigaife like the thiomaleimides,
dithiomaleimides would be photoactive. If succekstlithiomaleimides453 formed
from the addition of dibromomaleimide to thiel§2 potentially from a disulfide bond
451, could be further conjugated as cyclobutad®$via photochemistryScheme 244
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With dithiomaleimide294 in hand from previous studie§igure 61, conjugation
strategies on this molecule were planned. Howetaras decided that with two chiral
centres already in the molecule, initial invesiigas$ into the photoactivity would be

clearer with a simpler achiral thiomaleimide.

o
BocHN%OMe

o)
s
| NH
s
o
BocHN OMe

294 O

Figure 61: Proposed dithiomaleimide 294 for photoodmical investigations

Therefore, with analogy to the monothiomaleimidhs,"hexyl achiral dithiomaleimide
derivative456 was synthesised in 55%, the mixed bromothiomati#™b5 could also
be isolated in 93%, with respect to the thiol hié thiol was used in half an equivalent,
Scheme 245

o) O O
Br 0.5 eq CgHysSH,  Br 2eqCgHizSH, "> _—~__S
| NH methanol | NH methanol | NH
S~~~ S 5 min, 93% Br 5 mins, 55% S
[e) O O

455 456

Scheme 245

It was predicted that dithiomaleimid6 would not dimerise upon irradiation due to
steric constraints. When subjected to prolongeddiation of eight hours, this
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prediction was proven to be correct as no dimeasaiccurred Scheme 246and only

degradation of the dithiomaleimid&6was witnessed.

Scheme 246

Dithiomaleimide 456 was thus irradiated with ten equivalents of stgreas this
represented the best conditions for conjugat8oineme 247Complete consumption of
the hindered dithiomaleimide456 took twenty minutes and single column
chromatography afforded a 1:1 mix of two diasteremv57aand 47bin 70% yield,
Scheme 247 Further column chromatography led to isolation tbé separated
diastereomerd57aand457b in 6% each. The diastereomers were tentativeligasg

due to through space interactions se@iNOeSY NMR and lack thereof.

S
HH o NOe
10 eq NOe

MS = hv J:Q
/\/\ASJQNH ' 6 20 min, MeCN <3H j i @
456 o ;24

| 457a 4570 |

70% Isolated together

Scheme 247
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As the reaction had been established on the adhicahaleimide456, theN-Boc-Cys-
OMe cysteine dithiomaleimid294 was irradiated under the same conditions to afford
more complex result. NMR and mass spectroscopitysisandicated that most of the
constituents of the crude reaction mixture werehef desired structure and had the
correct masg58 ([M-H], 666). However, mass spectroscopy also sstgd that, in this
crude mixture, a significant proportion of the nmetleconstituted a species that had
incorporated two molecules of styref&9 ([M-H]+104, 770),Scheme 248

O
(0]
BOCHNQJ\OMQ BOCHN%OMe

O AN ~g O
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+
S | NH 30 min, MeCN NH
o} S ©
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294 o
458 459
m/z = 666, 100% miz = 770, 20%

100- 667.0
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218 7714
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Scheme 248: Mass spectrum of the resultant reactiqabove) after irradiation of
dithiomaleimide 294 with 10 eq of styrene for 5 min

A 60% vyield of a complex mixture of four diastereens1458 was isolated from this

crude reaction mixture by column chromatography.sd/a@pectroscopy and NMR

234



analysis indicated that they were the desired gatjon product158 The ‘double-

incorporation’ product59was not isolated after column chromatography.

It was postulated at this stage, that the two dhffe reaction pathways observed with
some of the monothiomaleimides had both occurretieéadithiomaleimide294 in this
case. This could be explained from what had beamiefrom identification of the
‘insertion’ products in previous reactions. For @yde, once the ‘insertion’ reaction had
taken place, the produd60 was still a thiomaleimide, thus still capable oidergoing
the expected [2+2] photocycloadditiddcheme 249

o
BocHN___JL. oMe x
B o]

s hvy
| NH >~
S 'Insertion’
e} mechanism
BocHN OMe

[2+2]

(0]
294 OMe
460  NHBoc 459 NHBoc
m/z 770
Tentative intermediate thiomaleimide Tentative structure
Scheme 249

When the equivalents of styrene were lowered to, %% of the conjugation
diastereomergl58 were isolated post column chromatography. Analg$ishe crude

reaction mixture by NMR and mass spectroscopy hditated that the double addition
product459 was not formed in this reaction, and that all leé starting material had
been consumed. Therefore, the low yield in thistiea could be due to problematic
isolation of the strained cyclobutane, rather tHaw conversion to the desired

cyclobutane produci$58

It had thus been indicated that thiomaleimides ditiiomaleimides could potentially
be used to photochemically conjugate labels intalifreal cysteines and disulfides.
Hence, focus shifted to functionalising thié-position of the maleimide with a
biologically relevant molecule, namely a fluorophort was predicted that, with

analogy to prior studies, substitution of the rggn would shut down the alternative
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conjugation mode and thus the pathway through wiiieh double incorporation of

styrene was postulated to occur.

Photochemical conjugation of N-functionalised amin@cid thiomaleimides

The molecules synthesised thus far had contaii&dhctionalities that merely probed
sterics and the nature of the substituery, aliphaticversusaromatic. It was decided to
synthesise molecules with a significant substituemtthe nitrogen to exemplify the
utility of the strategy for conjoining complex bagjically relevant molecules. Two
particular targets were identified as the monotlamimide 461 and the
dithiomaleimide462, Figure 62

HO

% J<<< % jié Deon

O 461 O 462

Figure 62: TargetedN-functionalised amino acid thiomaleimides

N-Fluorescein monobromomaleimid3 and dibromomaleimidé64 were prepared
according to literaturé® *!8via condensation of the fluorescein amine with comiaérc
bromomaleic anhydride and dibromomaleic anhydrdieromomaleic anhydride was
provided by Dr Mark Smith (UCL, Chemistry, Caddigkoup), who prepared it
according a to literature proceddféThe yields of the monobromomaleimid63 and
dibromomaleimidel64 were 73% and 46% respectiveBcheme 250
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Scheme 250

Formation of theN-fluorescein thiomaleimidd61 was quite complex. In an effort to
minimise purification of the complex fluoresceinataining product6l, cysteine was
initially added to the bromomaleimio#63 in methanol with no bas&cheme 251

However, theN-fluorescein compounds underwent degradation utigese conditions,

most likely due to exposure to the eliminated HBr.

HO

HO
o (0
0]
@) N-Boc-Cys-OMe, methanol | N
O J

LN O O 0 © OH
Br o OMe 0

(o) OH BocHN

463 © o 461

Scheme 251

The bromomaleimidd63was only sparingly soluble and reactions had toasged out
at around 1 mg/mL of solvent. The only useful sotvéhat could dissolve the
compound at even these low dilutions was methafiwd. dissolution was very slow,
thus bromomaleimid&63 in methanol was heated to 4Q for ten minutes to aid
dissolution, prior to cooling and addition of a igasolution of the cysteine&Scheme
252
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Examination of théH NMR spectrum of the crude mixture from this réactshowed

many products, some indicated that bromomaleimdd® had hydrolysed during
heating before it had reacted with the thiol. Idesrto minimise degradation, the
bromomaleimidet63 was therefore stirred in methanol with no heatldgfortunately,

suspending the solution in methanol for the eigbtrk that was required to get
complete dissolution also degraded a large praportif the starting material. In all
conditions attempted, subsequent column chromagtbgrdao remove impurities only

resulted in further degradation of the thiomaleienmioduc461

Attention was turned to the strong solvent dimesthljbxide (DMSO), but again the
bromomaleimide 463 was only soluble at 1 mg/mL. Upon dissolution dfe t
bromomaleimide463 in DMSO, the reaction immediately turned dark bmoand no
product could be recovered from this reaction. @ag out the reaction in deuterated
DMSO indicated that there were both single and toalbdition products}61 and465

respectively, in the reaction mixture alongsiderddgtion productsScheme 253
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Up to this point, focus had been on complete digsgwi of the bromomaleimidé63
before addition of the cysteine. This was in aarafit to minimise a second addition of
the cysteine to the formed thiomaleimigigl However, it was realised at this stage that
the double addition produdt65 would be reversible under the basic conditionshef
reaction and should eventually all form the singlédition product461 as the

bromomaleimidet63 slowly went into solutionScheme 254

O
o MeO NHBoc
e} 0O
| N—Fluor Sa,
| N—Fluor N-Boc-Cys-OMe, NaOAc, s + N—Fluor
Br methanol 0 S
463 © OMe o
BocHN OMe
0 BocHN
461 \/ O 465
NaOAc
Scheme 254

To check this hypothesis, the bromomaleimddd, sodium acetate and cysteine were
added together in an NMR tube in deuterated meth&sahe NMR tube was narrow,
addition of a stirrer bar was not feasible, thuswas attached to a ‘shaker’ more
commonly employed in chemical biology laboratori€kroughout the time taken for
the reaction to reach completiare. eight hours, sequenti#i NMR spectra were taken
to ascertain the progress of the reactkigure 63 (a)-(9. It could clearly be seen that
at the start of the reaction the major componenmtthe solution were cysteine and
double addition product65 alongside the desired thiomaleimidél As the reaction
proceeded the cysteine and double addition peallsl &® seen to decrease, alongside

an increase in the product peakgure 63 (a)}(c).
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Figure 63 (a):'H NMR spectra of the reaction shown in Scheme 254 &= 10 min,
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Figure 63 (c): Expanded'H NMR spectra (8.30-7.15 ppm) of the reaction showim
Scheme 254 att =10 min, 2, 6 and 8 h

However, before the reaction was complete, NMRamslalso showed emergence of a
new product that contained key fluorescein pe&igure 63 (c) indicating that either

the starting bromomaleimidi3 or the desired thiomaleimid1 were degrading.

The most likely route for degradation was hydrolysis of the maleimide thus the
large-scale reaction was attempted in anhydrousianet. Regrettably, this did not

minimise degradation of the reaction components.

Whilst the conditions in methanol were still sultiojal, they represented the best
outcome so far and thisfluoroscein monobromomaleimides3 cysteine and sodium
acetate were combined in methanol and stirred. itlmately, this was not successful
as the reagents did not go into solution, even ghotlne reaction was at the same
concentration as the NMR experimerg, 1 mg/mL. No clean product could be isolated
from the very complex residue that was obtainedfthis reaction. It was appreciated
at this point that the methods of agitation wergetent, and thus, the reaction was
repeated at large scale but ‘shaken’ and not dtitbeader these conditions, the reagents
went into solution over eight hours and TLC analysi the reaction mixture showed

one major product that could potentially be sulgdcto column chromatographic
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techniques. Initially, aqueous work-ups were atteipn the material but they merely
led to further hydrolysis. Column chromatographyimalumina and silica-gel systems
afforded impure material in low yields after thisaction, and attempts at further
purification were unsuccessful. Owing to its potbdity to purification techniquesy-

fluorescein cysteine thiomaleimidé1was never isolated.

Similarly to the N-fluorescein monobromomaleimidet63 the N-fluorescein
dibromomaleimide464 and the resultant products underwent degradatibanwthe
addition reaction was carried out without additioh the base. Therefore, two
equivalents of the cysteine were dissolved in nmethwith two equivalents of sodium
acetate, and then added to tinefluorescein dibromomaleimide464 to form
dithiomaleimide 462 Although a proportion of the desired material wast upon
column chromatography, as the fluorescein compoapgeared unstable to silica-gel,
the dithiomaleimidel62was isolated in 50%Gcheme 255

9 HO

MeO NHBoc
0 o O
Br o 2 eq N-Boc-Cys-OMe, s o
| N O 2 eq NaOAc, N O
Br o] O methanol s Q

o OH 5 min Y © OH

o OMe 0

BocHN
464 462

o
50%

HO

Scheme 255

When dithiomaleimidel62 was irradiated with ten equivalents of styreneomplex
mixture was formed that made NMR examination veifficdlt. The crude reaction
residue was subjected to column chromatography tbhat compounds remained
inseparable. Mass spectroscopic analysis of thdedndicated a large proportion of the
residue had the correct mass for the desired catgu6 ([M+H], 999, 100%),
Scheme 256However, there was a substantial peak that cbeldttributed to double
incorporation of styrenet67 ((M+H]+104, 1103, 70%),Scheme 256 This was in
accordance with what had been witnessed with dithleimide 294, and was

postulated as from similar producBsheme 256
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It had been predicted, that with analogy to thetieas onN-substituted maleimides,
the ‘insertion’ reaction, and thus the double ipovation of styrene, would not occur,
but unfortunately the double incorporation of sheehad still occurred. This perhaps
suggested that the second incorporation of styrems notvia the ‘insertion’
mechanism postulated. Using just one equivalestyoene led to a similar result, with

a mixture of single and double incorporation ofrehe. Neither reaction could be
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purified via column chromatography. Whilst the mode of the rpooation was
believed to bevia both conjugation reactions seen in prior works twias not certain
and it was felt that inclusion of a complex fluohope was confusing interpretation of
the reaction outcome. The use Mffluorescein thiomaleimides was thus terminated

here.

Applying the photochemical conjugation to proteinsand peptides

i. Absorption profiles of substituted maleimides

As the thiomaleimides were to be used in proteienuitries, the absorption profile of
the constructs were crucial to their applicatiolemical biology. The thiomaleimides
needed to have sufficient absorption above 360 mrevmost proteins have minimal
absorption:? 9% ¥ yv.vis spectroscopy of the maleimides, thiomaleles and
aminomaleimides made an interesting trend appaBantcessive substitutions of the
maleimide caused a sequential bathochromic shitthérk.x of the structuresrigure
64. Maleimides and bromomaleimides absorb withx values between 275 and 310
nm, monothiomaleimide291 and 342 have Amax values of 339 and 347 nm,
respectively, aminomaleimide295 and 468 have Amax values of 348 and 368 nm,
bromothiomaleimide293 and 455 and aminobromomaleimidé42 all have very
similar Amax Values of 367 or 368 nm and finally, dithiomaleailes294 and456 have
Amax Values of 393 and 401 nm. Thus it could be seansiiquential substitutions of the
maleimide core afforded absorption profiles withtéelnax values for irradiation of
proteins. In addition, the extinction coefficierty of the substituted thiomaleimides
and dithiomaleimides were much larger than thossimaple maleimide, although with
increasing substitutionthe ¢ did begin to decrease. For example, the measured
extinction coefficient of maleimide was jug20 cm*M™, whilst the thiomaleimideg91
and 342 had ¢ values of 8600 and 9500 &i™, respectively. However, whilst still
much higher than maleimide, dithiomaleimi@8gl and456 had lowere values than the
corresponding thiomaleimides, at 3000 and 4200Mh respectively.
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Figure 64: Representative spectra of a variety of aleimides
The strong absorptions and highax of dithiomaleimide and aminothiomaleimide
structures has been observed prior to this Work?°but the resultant compounds were

not turned towards any biological application.

ii. Photochemistry of maleimide-labelled RNAP subuit-H

Beyond the well known alkyne-azide ‘click’ reactjothere are several repoftsof
cycloadditions to modify biomolecuf&s - mostlyvia Diels-Alder reaction&? of furans
323 and maleimide®** However, the use of the thiomaleimide [2+2] phgtbcaddition
would be the first example, to the best of the atishknowledge, of the use of the [2+2]

photocycloaddition for biomolecule modification.
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It was decided to initially demonstrate the workaprotein that would have an easily
accessible cysteine residue. From the lab of Dn Fiferner (UCL, ISMB), a protein
with an accessible cysteine was supplied, which avagbunit of an RNA polymerase
(RNAP), known as subunit H. The wild-type proteiasha proline at position &
Figure 65.

MKVTDHILV [§ KHEIVPKEEV EEILKRYNIK IQQLPKIYED DPVIQEIGAK
EGDVVRVIRK SPTAGVSIAY RLVIKRII
Figure 65: Crystal structure and amino acid sequene of RNAP subunit H, proline

shown in blue

The proline residue was substituted for a cystem®r Dina Grohmann (UCL, ISMB,
Werner group), by a techniqgue known as gene splibiynoverlap extension, to afford
P10C subunit-H. P10C sub-unit H was provided in amglex buffer (20 mM
tris(hydroxymethyl)aminomethane, pH 7.5, 300 mMasstum acetate, 0.1 mM zinc
sulfate, 10 mM magnesium acetate and 10% glycefdi)s milieu of metals and
potential proton donors and abstractors was deemsgitable for photochemistry, thus
the protein needed to be ‘desalted’. Desaltindgpésprocess of exchanging a buffer and
its contents for deionised wateila osmosis through a size dependant membrane. The
process works by diluting the ions to such an extest, whilst not completely negated,

they are deemed negligible in the solution.

To be certain that the protein would not precipitat degrade in a simple aqueous
solution, the P10C sub-unit H (hereafter refereeds SUH) was desalted and analysed
prior to any modification. Mass spectroscopy showedperturbation of the signal

observed (9016 Da) and no emergence of new petdstlaé protein had been kept in a
desalted solution for twelve hourBjgure 66. Thus the protein was deemed stable

enough for use in non-buffered solutions.
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Figure 66: Deconvoluted mass spectrum of desaltedJsl

SUH was reacted with monobromomaleim@i9 to modify the cysteine with 100%
conversion, according to a protocol developed byMark Smith (UCL, Chemistry,
Caddick group¥® affording maleimide labelled SUH (hereafter rederrto as mal-
SUH), Scheme257.

O
| NH o}
Ay . 1B Br Ay r \
- 289 O e NH
é:. “ s 5 =
F. i) N 0 OC, 1h — q{ 0
. ﬂ . \ ;I" -
SUH mal -SUH
m/z, 9016 m/z, 9111
Scheme 257

The mal-SUH was desalted and left for twelve hamnd, again, analysis showed that
this modified protein was not detrimentally affetiey the buffer-free conditions over

twelve hoursFigure 67.
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Figure 67: Deconvoluted mass spectrum of desaltedathlSUH

The best photochemical conjugation yields had kedmneved with ten equivalents of
styrene in small molecule work, thus styrene wasseh as the conjugation partner for
the protein. It was recognised at this stage ttyaéise conjugation had minimal use in
biological modifications, and that the reagent veatremely hydrophobic, but this

alkene merely represented a ‘start-point’ for thesearch. It was envisaged that, if

successful, focus could be turned to olefinic males with higher biological utility.

Ten equivalents of styrene in DMtere added to the mal-SUH solution. Upon addition
of the hydrophobic styrene, no perturbation of fretein was witnessed by mass
spectroscopic analysis. Thus it was decided tmatlistion experiments with styrene

could proceed.

The light source for these reactions was the stan@80 W Hg lamp from small

molecule studies. The solutions were irradiatedaid.25 mL cuvette, taped to the
immersion well at a height that ensured the reactmution was in line with the lamp
bulb, Figure 68. The solution was cooleda running water through the immersion well
and by submerging the cuvette in an ice-water hature 68
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Figure 68: Photochemical set-up for irradiation ofprotein solutions (not to scale)

Desalted mal-SUH was irradiated in the presenderfequivalents of styrene for five
minutes but LCMS analysis was inconclusive. Thekpat#ributed to mal-SUH (9111
Da) had decreased with emergence of a peak at NBAE® Da) Figure 69.

100 9129.0
0]
o ™ .
a11g é‘ 0 || N hv,5min  mjz, 9111, 80%
p— S m/z, 9129, 100%
7 o) -
ey
N A )
mal -SUH
m/z, 9111 10 eq

9084.0f

7708.0

6085.0
50610 56070
z 7

10845.0
6320.0 7022.03 7623.Q

114300 121460 129050131790 140450

W

6000 7000 8000 9000

AR AR .
10000

ol s e
5000

M L) blad mass
13000

il bk AL L
11000 12000 14000

Figure 69: Deconvoluted mass spectrum of mal-SUH taf addition with 10 eq of

styrene and 5 minutes of irradiation

This peak could perhaps be attributed to hydrolgéithe thiomaleimideScheme 258

although such a significant extent of hydrolysigust five minutes of irradiation was
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not expected. Apart from the postulated hydrolysak, no other modification of mal-

SUH was seen, which was very surprising.
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The ionisation technique used in the MS analydectespray ionisation, does not
always ionise all species equally in a particut@uson when they are subjected to the
strong electrostatic field used. It was postulateat perhaps the modification that had
been imparted on the mal-SUH rendered the molamdble or unlikely to ionise under

the same conditions as the parent mal-SUH.

At this juncture, attention was turned to altevatmethods of analysis, namely matrix
assisted laser desorption/ionization-time of flighass spectroscopy, MALDI-TOF.
This technique is often used for fragile biomolesuthat can be difficult to analyse by
other methodd? The ionisation is triggered by a laser that fiegsa dried matrix
containing the analyte. This matrix facilitates @apation and ionisation and protects
the biomolecule from immediate obliteration by tager. A downside of MALDI is that
the matrix must be chosen carefully to allow foressful analysis and this can be very
time consuming. ‘Time of flight' (TOF) refers togmethod of identifying the mass of
the molecule. The TOF analyser converts the tirkertdor the molecule to reach the
detector to its mass, by calibrating to an intestahdard of known mass. The two main
modes of TOF analysis are linear and reflectromeér flight tubes, merely allow
detection of molecules of different kinetic energg a linear flight path, this leads to
poor resolution as some ions of different mass hale the same kinetic energy and
arrive at the detector at the same time. A widgjeaof masses can be detected in this
mode (up to 500,000 Da) with high sensitivity.In contrast, reflectron analyzers also
use an electric field (ion mirror) to deflect ioosdiffering mass even if they have the
same kinetic energy. The overall result is thasioha lower mass are reflected faster
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than heavier ions, thus the ions are separatedal@nger distance by kinetic energy
and by mass. In this manner, reflectron analyzave imuch better resolution, but they
are not suitable for high molecular masses,those above 2000 D4’ and are not as

sensitive as ions are lost in the reflection evéht.

The samples to be analysed are ‘spotted’ onto a MAILOF plate - an unreactive

stainless-steel slide with defined regions for gsial Figure 70.

Figure 70°%®

Analysis of the mal-SUH was via linear mode aspfaein was greater than 2000 Da,

resulting in broad peakBjgure 71
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Figure 71: Mass spectrum of desalted mal-SUH obtagd by MALDI-TOF

operating in linear mode
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As linear mode affords such broad peaks, the maifts ®f the peaks of interest are
important, rather than the absolute value of thekpmaxima. The mal-SUH peaks in
the following analyses, ah/z9111 by electrospray ionisation, are between &Y
9152 Da.

The use of a matrix in MALDI sample preparation ules in a heterogeneous
distribution of molecules amongst the sample. Tioeeg several scans were taken and

those spectra reported represent the average obdeved scans.

It was understood that the MALDI-TOF method usedehevas not perfectly
quantitative but percentage conversions are estonlay comparison of the heights of
the major peaks in the spectra. This was deemedptalle as the conversion
percentages estimated merely give an indicatiomeattion conversion and are not
exact figures. The peaks obtained in the followgction analyses were very close and
could affect the height of each other by overld@ustthe resolution of the peaks was
also taken into account when determining the patiks. The peaks were described in
relation to one another, thus an internal standead not used. This negated any
possible complications arising from interactions tbé internal standard with the

analytes.

When the mal-SUH was irradiated in the presenderiquivalents of styrene for five
minutes, the conjugation could be seen to proceegproximately 40%, by addition of
roughly 104 Da and emergence of a new peak aloagsid unmodified mal-SUH,
Figure 72
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Figure 72: Mass spectrum of mal-SUH after irradiaton with styrene
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Further irradiation did not afford any higher projan of the conjugation peak. It was a
concern that increasing the equivalents of styr@néhe start of the reaction might
perturb the protein or lead to lowered yields, ad heen witnessed in small molecule
work, Table 29 p. 194. Therefore the reaction was repeatedwlibita second addition
of ten equivalents of styrene added at five minuiss just ten minutes of total
irradiation the conjugation yield was almost at 60&nd at twenty minutes the
modification percentage was largely unchangeidure 73 Hereafter, for ease of
comparison, figures depict the mass range of apmabely 8500 to 10000. Full spectra
indicated no other modification, other than thadveh, had taken place throughout the

experiments.
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Figure 73: Mass spectra of mal-SUH before and aftarradiation with styrene
Interestingly, when the amount of styrene was ledeio five equivalents, there was

still an emergence of a peak (9245 Da) that coelatiributed to modification, but it

was a minor component of the reaction mixtéigure 74.
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Figure 74: Mass spectra of mal-SUH before and aftarradiation with styrene

When five equivalents were followed by five furthequivalents after five minutes
irradiation this minor modification peak could beea after fifteen minutes (9274 Da),
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Figure 75. It was thus decided that for conjugation yieldsower 50%, at least ten
equivalents should be used.
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Figure 75: Mass spectra of mal-SUH before and aftarradiation with styrene

In an attempt to increase the conjugation yiel& bandred equivalents of styrene were
added to the solution and the same time pointsntak@uick emergence of the
conjugation adduct could be seen at two minutes antifteen minutes there was
approaching 70% conjugation, with approximately 30%l-SUH remainingfFigure

80. Further irradiation had little positive effect difme observed proportion of
modification.
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Figure 76: Mass spectra of mal-SUH before and aftarradiation with styrene

Adding another one hundred equivalents at five meisitnad no effect on the amount of
conjugation achieved. Whilst around 70% conjugati@as a very useful result, in an
attempt to ascertain if full conversion could béiaged, one thousand equivalents of

styrene were added to the modified protein andtihation was irradiatedsigure 77.
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Figure 77: Mass spectra of mal-SUH before and aftarradiation with styrene
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Unfortunately, this didn’t lead to any further coggtion than that observed with one
hundred equivalents, potentially due to loss ofestg to side-reactions, or over-reaction
of the modified protein with excess styrene. Theomplete conversion could
potentially be an artefact of styrene, and a différalkene might afford increased
conjugation. Alternatively, it was suggested theg postulated hydrolysis of mal-SUH
from Scheme258 p. 250, was correct, and the proportion of thé&t#H that did not
undergo the conjugation was actually hydrolysed-&idH. The hydrolysed mal-SUH
would not be expected to undergo the [2+2] photlo@addition and would not be
resolved from the broad parent peak of mal-SUH rglysisvia linear mode Scheme
259,
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Scheme 259

It was deemed necessary to ensure that the additiea04 Da was not an artefact of
SUH or mal-SUH irradiation. Therefore, unmodifiedt$ was irradiated alone and in
the presence of styrene. No modification was seeeither caseScheme 260 After

thirty minutes of irradiation, the SUH peak beganbtoaden further which could be

attributed to photochemical degradation of thegimtbut no addition peak was seen.

some 5 ] | hv, 30 min
1 -0 - SH ’ .
No reaction Wl No reaction

YT ( j 10 eq
o \

Scheme 260

When mal-SUH was irradiated without styrene forlgmged time periods, no reaction

occurred. This not only suggested that the adduifompproximately 104 Da was due to
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photochemical addition of styrene, but that diner® of the thiomaleimide-

containing protein was not a competing reaction.

Further research into the photochemical modificatbSUH was not carried out due to
time constraints, but, from the work carried otiyas very gratifying to conclude that
the [2+2] photocycloaddition of thiomaleimides witkefins could be transferred to a
protein. With one hundred equivalents of styrenBAR P10C sub-unit H could be
modified in approximately 70% with just fifteen rotes of irradiation. Future work
would include the photochemical conjugation of bgscally relevant labelss.g.biotin,
Scheme 185p. 175, and investigations into whether the miodifon imparted on the

protein is irreversible, as observed in small mollestudies.

iii. Photochemistry of maleimide labelled somatostin

Having demonstrated the use of the [2+2] photo@ddiition conjugation strategy on a
thiomaleimide incorporated into a protein with &efrcysteine, it was intended to
demonstrate this work on a peptide that had incetpd a thiomaleimide or

thiomaleimidesia a disulfide bond.

Somatostatin is a fourteen amino acid peptide @ant@ one disulfide bond. It has
gained significant interest in the field of disdHilabelling as it has analogues that are
used as therapeutic peptid€%.%” In work by Ulysse Jret al®*° a somatostatin
analogue has been modified with photochemicallpaesive molecules to study its
shortp-turn3*° The somatostatin analogd@1 was modified with an azobenzene group
472 and upon irradiation, isomerisation of the azolkeezfromtrans to cis allowed
formation of thep-turn 472, Scheme 261Heating thecis construct472 reformed the
transisomer471and ‘unfolded’ the turn. In this manner, the diiet behaviours of the
two interconvertable isomers could be studied. Hmalogue used in this work
contained a tryptophan and yet it was not detriagnaffected by the irradiation (310-
410 nm).
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Therefore, as somatostatin and its analogues haxkgent in both disulfide bridging

and photochemical modification, it was decided $e somatostatin to investigate the
photoactivity of a polypeptide containing a distéfi Following a procedure previously
set-up by Felix Schumacher (UCL, Chemistry, Bakeoug)?®®
disulfide bond was labelled with dibromomaleimide form maleimide-bridged

somatostatin, (hereafter referred to as MB-SStheme 262and the solution desalted.

the somatostatin

H-AIa-GIy-Cys-Lys-Asn-Phe-P’he H-AIa-GIy-Cys-Lys-Asn-Phe-P‘he
(0]
S TIrp 1.1eq, TCEP,1h . S Trp
‘ Lys then 1.1 eq o HN | L‘ys
S Br S
| | o |
HO-Cys-Ser-Thr-Phe-Thr | NH HO-Cys-Ser-Thr-Phe-Thr
Somatostatin (SST) B n MB-SST
m/z 1640 m/z 1736
Scheme 262

SST could be analyseda MALDI-TOF in reflectron mode giving sharp, repragiloie
peaks and it was indicated that the MB-SST (173%b s not adversely affected by

desaltingFigure 78.
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Figure 78: Mass spectrum of desalted MB-SST obtaieby MALDI-TOF

operating in reflectron mode

Irradiation of this solution in the presence of &1 one hundred equivalents of styrene

for five minutes afforded samples for analysis thate inconclusivescheme 263The

parent peak (1736 Da) had completely disappearethbte were no other identifiable
peaks in the mass spectrum.

H-Ala-Gly-Cys-Lys-Asn-Phe-Phe H-Ala- Gly Cys Lys-Asn-Phe- Phe

o | |
S Trp
to G -
i -

(6] 5min
HO-Cys-Ser-Thr-Phe-Thr HO Cys Ser-Thr-Phe- Thr
MB-SST
m/z 1736
Scheme 263

The somatostatin MALDI-TOF protocol had been rolyutgsted by Felix Schumacher
(UCL, Chemistry, Baker groupf and, due to time constraints, it was not deemed
prudent to undertake a lengthy analysis of new igestrand spotting techniques to

attempt to visualise what had happened to the MB-&%tead, attention was turned to

the doubly-labelled thiomaleimide somatostatBcheme 264to ascertain if any
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modifications imparted by irradiation with styreoceuld be visualised by the previously
established MALDI-TOF protocol. The disulfide boimdsomatostatin was cleaved with
TCEP*® and the subsequent free thiols were labelled titimothiomaleimide289 to
create doubly-labelled thiomaleimide somatostatierdafter referred to as 2M-SST),
Scheme 264This experiment was also carried out followingracedure developed by
Felix Schumacher (UCL, Chemistry, Baker groti3).
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. o |
Somatostatin (SST) | NH HO-Cys-Ser-Thr-Phe-Thr
m/z 1638 Br > .1h OM-SST
289 m/z 1835

Scheme 264

Again, this solution was desalted and analysiscaigéid that the molecule was intact,
Figure 79.
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Figure 79: Mass spectrum of desalted 2M-SST obtaideby MALDI-TOF

operating in reflectron mode
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In the first instance, twenty and two hundred egla@rmts of styrene were added to the
mixture, to represent ten and one hundred equitslemith respect to the
thiomaleimides, and the sample irradiated for fiMvautes,Scheme 265
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2M-SST
m/z 1834
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In both cases, the same surprising result wasraatail he parent peak (1834-1836 Da)
started to lose ~173 Da at just two minutes ofdiaon, with degradation of both
peaks (1834 and 1661 Da) witnessed at thirty mséigure 80. Hereafter, for ease of
comparison, figures depict the mass range of apmpetely 1600 to 2300. Full spectra
indicated no other modification, other than thdseven, had taken place throughout the
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Figure 80: Mass spectra of 2M-SST before and afterradiation with styrene
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When the irradiation was carried out without thesgnce of styrene the loss was still

observed in a similar time framEigure 81, but in this case, at thirty minutes the new

peak at 1661 Da still remained intact. This suggkshat the cleavage did not occur

after incorporation of styrene and that the newdpobd was reactive towards styrene,

either via irradiation or some other means. To further supplogt hypothesis of a

maleimide-mediated photoreaction, native SST waadiated and no loss was

observed.
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Figure 81: Mass spectra of 2M-SST before and aftarradiation

The expected reactions of 2M-SST had been eithed-tkeeheadt73 or head-to-taid 74
dimerisation, Scheme 266However, these modifications would not changentiass of
the species, thus this was not the identity ofpthek at 1661 Da.
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Alternatively, there was literature precedent tbgsteines modified with a carbonyl
containing group475 could undergo an overall Norrish Il cleavage upwadiation,
Scheme 267For example, upon irradiation, the excited staté abstracts a proton to
afford diradical477, disproportionation could afford a thiocarbody8 that could be
hydrolysed to afford the aldehyd@9 Scheme 2673 3%

Ar Ar ] Ar
SH  BrCH,COAr hy C 4 e
S (HAS Abstracti . @
Papain r w straction r
Papain Papain Papain
475 | 416 | 477
Disproportionation r/s _0
. Hydrolysis
Papain yaroly Papain
Ar 478 479
/& Norrish Il Product
HO
Scheme 267

For 2M-SST the analogous process would involve &tiom of the excited specid$0
upon irradiation and proton abstraction to affohg tsecondary diradical81L The
eliminated thiocarbony#82 could be hydrolysed to aldehyd83 with 2M-SST losing
an overall mass of 113 D&cheme 268 This could occur at one or both of the

thiomaleimides but these mass losses were not #3s tnss seen.
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At this stage, it was postulated that somatostatould have undergone an
unprecedented photochemical process to cleave #ukbbne or to remove the

thiomaleimide labels. However, none of the indidatéeavages could afford a loss of

173 Da,Figure 82

yS

HO

},p o
-96 Da - }f

Figure 82: Losses that would be observed in the masf 2M-SST if the indicated
bonds were cleaved
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It was realised at this juncture that combiningghw®aller cleavages could afford a value
of 173 (-128 Da and -45 Da), resulting from decagtation and loss of one
thiomaleimide. Literature precedent suggested dieaarboxylation was possible from
imide-labelled carboxylic acid§® ***Scheme 269In the reported proces§> ***when
phthalimides containing a carboxylic aci®4 were excited, the excited speci#®5
undergoes facile electron transfer to dirad@6. The diradicak86 decarboxylates to
afford specieg87 which can go on to reagia two different pathways. Firstly, a second
electron transfer process can occur to afford pimtide 488 route A,Scheme 269
Alternatively, the diradicadl87 can recombine to afford the cyclised spedi@g route
B, Scheme 269When X = K, the process is much faster as the potassiuniisesbihe
donor-acceptor constrcutt When the tether between the phthalimide and cattoox
acid contains a sulphur, the thioether can behaxaemimary electron donor, ‘shuttling’

electrons between the syste?ﬁ%.

+x,,,
o (¥°
ﬁ ‘
B E—
“Electron N17),,  Decarboxylation
transfer
486 ©
ox* O o
A _Electron transfer - +H* N{—/j
@ v, @Nﬁn - :
487 O o) 488 O
_ HO
Radical > X=H,K
recombination NN
then +H*
489 O

Scheme 269

In the course of research on imide photochemistiggBecket al. also make reference
to the decarboxylation and cyclisation process ooy with maleimides® The
carboxylic acid-substituted maleimide¥©0 and 492 undergo decarboxylation and
cyclisation upon irradiation to form the cyclisepesies491 and493 in good yields,
Scheme 273°° Whilst the mechanism isn’t discussed in detail fiealeimides, it is

assumed as proceeding through a similar electemsfier-decarboxylation process.
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490,n=1 491, n=1, 56%
492, n=2 493, n=2, 62%

Scheme 270

It was therefore postulated that when 2M-SST waliated a similar decarboxylative
process had occurretdh electron transfer involving the sulfd? and the carbonyl of the
thiomaleimide. The excited speci¢94 undergoes electron transfer with the thiol lone
pair to afford diradicai95 Scheme 271Proton transfer td96 and a second electron
transfer regenerates the thiol lone pair in diraldd®7, and decarboxylation affords the
secondary diradica98 Where this mechanism differs fraddtheme 269s that, in this
case, the thiomaleimide radical is a good leavirmyg, as it is a form of the stabilised
thiolate 327, and elimination occurred to afford alke#®9 Scheme 271The overall
result of the mechanism shown $theme 271would result in a loss of 173 Da, to
afford a specied99 of 1661 Da, thus it was postulated that this wes dutcome of
irradiation of 2M-SST. The electron transfer megbam affords the same products
regardless of which carbonyl of the thiomaleimigdenvolved, and the terminal alkene
would be part of an enamide, which, unlike enamirzes described as stable in the

literature3°
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Unfortunately, due to time constraints, this firglicould not be investigated any further
but ideally, a small molecule analog680 should be synthesised and irradiated to

confirm the nature of the loss of 173 Da in thet@iroexperiment.

Scheme 272

268



Further investigation of this result could open apenues of research towards
photochemically-mediated thiomaleimide cleavagendaumentally, any label that was
attached to a terminal thiomaleimi8@l, i.e. via the thiomaleimide nitrogen would be
cleaved upon irradiation to afford the alke®®2 although with concomitant

decarboxylation of the C-terminuScheme 273The ‘unmasked’ enamide could also

then be manipulated in subsequent bioorthogonatiogs,Scheme 273

,,,,,,,,,,,,,,,, >
Enamide selective
reactions

501 502
Protein labeled Unlabeled
with 'R’ protein
Scheme 273
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To date, work in small molecule model studies hame@hstrated that bromomaleimide
289is a rapid and selective label for cysteiSeheme 274Indeed, cystein@90 was
found to be more reactive towards bromomalein288 than maleimide itself. This
suggests that bromomaleimi@89 could be successfully transferred to proteins as a
biomodification strategy. Initial reactions with l&z (SH2) and RNAP P10C sub-unit H
carried out by Dr Mark Smith (UCL, Chemistry, Caddigroup) and described in this
text indicated that the methodology can be sucuabgsfpplied to proteins containing a
single cysteine residif€ 3% Scheme 90 with no lysine interference. The
thiomaleimide291 can be cleaved by addition of ten equivalents GEP, BME or
DTE to afford the free thioR90, Scheme 274 Protein work carried out by Dr Mark
Smith showed the reversion of the thiomaleimideelatrategy with Grb2 (SH2) when
exposed to excess TCEP: ***For future work in this area, the use of bromorinaiige
reagents could and should be investigated as htaowdisulfide formation, the current

method of choice for reversible labelling in cheahiciology.

| NH | NH
SH Br/i 289 s SH
@) O 10eq TCEP or RSH
BocHN OMe OMe OMe
pH 8 buffer or methanol BocHN pH 8 buffer BocHN
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290 291 R = CH,CH,SH, CH,CH,0H 290
(0]
Ny ™
5 PP W o
" "‘;A/S e}
ey | NH
RNAP P10C subunit H Grb2 (SH2)
thiomaleimide thiomaleimide
Scheme 274

If dibromomaleimides are added to cysteine residiifs then bromothiomaleimides
293 can be formed, whereupon, after addition of arrdtiel, dithiomaleimide94 are
afforded, Scheme 275 This has been taken on to protein modification thg

conjugation of two different thiol-containing biotecules by Dr Mark Smith (UCL,

270



Chemistry, Caddick group) and the bridging of aulfide in a polypeptide
(somatostatin) by Felix Schumacher (UCL, ChemidBaker group)Scheme 275°°
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Thiomaleimides291 are unreactive towards thiols in methanol but guepus basic

solutions a second thiol can be added to the aartdiv form vicinal dithiosuccinimides

305 The dithiosuccinimid®05 can also be formed from addition of ten equivaesft

cysteine290 to dibromomaleimide. The thiosuccinimides thusnfed represent the

potential for conjugation of two thiol containin@r Mark Smith (UCL, Chemistry,

Caddick group) has again shown the use of dithimaimides for bioconjugation by

conjugating Grb2 (SH2) to glutathiom& this constructScheme 276
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Further work to investigate the labelling strategyith bromomaleimide and
dibromomaleimide to form thiomaleimide291, dithiomaleimides 294 and
dithiosuccinimides305 should encompass determining how the activity rof given
protein is affected by modification to a thiomalee In particular, for disulfide-
modified proteins, how the protein folding is atiedt by the small, but evident

extension of the disulfide bridge.

The addition of 3.3 equivalents of potassium caapento thiomaleimide291 in
methanol can afford Dhda26, Scheme 277although currently these conditions are not
applicable to proteins. A future goal of this waslould be to create thiomaleimide
constructs that are better leaving groups and cthddefore be eliminated by weaker
bases and at pHs that do not degrade the constructs
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It has been shown in this work that thiomaleimides highly photochemically active.
The photochemical activity of thiomaleimides carelploited towards the formation of
novel head-to-heattans dimers in quantitative yieldsScheme 278 The structures
were assigned by analysis of coupling constanteS¥Oexperiments andC satellites

in 'H NMR. The dimers formed343 are stable to reducing conditions. As discussed
this could open up avenues of research into phetoatal formation of a stable
disulfide mimic in the place of a disulfide brid@&1 or between two protein358,
Scheme 278
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Scheme 278

Initial investigations into dimerisation with aminacid-containing thiomaleimides
indicated that the conjugation and dimerisatioratetfies could be transferred to
peptides and proteins. However, whilst RNAP P106G-wit H had an accessible
cysteine and therefore a thiomaleimide modificatioat was reactive, no dimerisation
was witnessed. This was probably due to the bubk@fprotein hindering the approach
and correct orientation of two thiomaleimide labela efforts towards protein
dimerisation, it is the opinion of the author tlatnerisation could be achieved if the
thiomaleimide was located on a terminal amino aeig 503 This tag could bring the
dimerisation site away from the main bulk of thetpm, potentially allowing two
structures to come together and dimeti84, Scheme 279
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/OOQ(Y Terminal amino-acid tag

Scheme 279

In addition to dimerisation, conjugation of thiomiahides505 with a range of different
olefins and alkynes can be achieved in moderagota yields Scheme 280to afford
novel cyclobutanes and cyclobuter&36 (R; = CQAr, CO,Me, C=N, aromatic or
aliphatic groups, R= H or Et),Scheme 280The conjugation proceeds well when the
thiomaleimide contains a variety of different thpgndant groups (R= amino acids,
aromatic or aliphatic groups) amdtsubstitutions (R = aromatic or aliphatic groups),
Scheme 280In general, in the [2+2] photocycloaddition, tieaction proceededa the
least sterically hindered transition state to affthe cis diastereomers and it appeared
that ‘HOMO’/HOMO interactions dominated to affordetsyn adducts in most cases.
An unprecedented ‘insertion’ reaction afforded gideducts507 when thiomaleimide
342 was irradiated with styrene, 2-nitrostyrene, 4togystyrene and 1-hexene, and
when thiomaleimide891 was irradiated with styrene. Initially, the ‘infien’ products
were described as [5+2] adducts but they were latentified as the ‘insertion’
products, assigned by NMBcheme 280as all of the compounds were oils and thus

could not be crystallised.
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Similarly to the cyclobutane dim&43 the cyclobutane conjugation produsit4 was
stable to reducing conditionScheme 281 This could potentially have applications in
forming stable bioconjugations08 via photochemistry and for easily rendering any
thiomaleimide modification irreversible by irrad@t with a simple olefin to form a

cyclobutaneScheme 281
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Scheme 281

Initial studies into the synthesis and irradiatioh thiomaleimides509 that could
undergo an intramolecular [2+2] photocycloadditisith an alkene tether within the
construct were very successful. High yields of opatane$10 were afforded in 93%

yield after five minutes of irradiatiolgcheme 282
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However, when an alkenyl tether was incorporated i@ thiomaleimide that also
contained a cysteine residue, the expected cydokdid1l was not formedScheme
283 Instead, a moderate yield of the eliminated eyst&vas isolated as the analogous
disulfide 308 (crude),Scheme 283This could open up potential investigations itite

photochemical ‘uncaging’ of thiok45from thiomaleimide€44, Scheme 283
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Scheme 283

Preliminary results of protein modificatioma the [2+2] photocycloaddition were
promising, with styrene modification of RNAP subHur witnessed in just two minutes
of irradiation with one hundred equivalents of ety. The optimal conjugation
conditions afforded approximately 70% conjugatidterafifteen minutes of irradiation
with one hundred equivalents of styren8cheme 284 Conjugation vyields of

approximately 70% can also be achieved with twemyivalents of styrene, added in

276



two portions, and fifteen minutes of irradiationutéire work would investigate the
reversibility of the modification upon exposure reducing agents. Extension of this
work would be towards photochemical conjugatioradhiomaleimide labelled protein

with a biologically relevant tag such as a fluoropgh biotin, or a solid surfac8cheme
284.
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Scheme 284

The photochemistry of dithiomaleimides was also estigated. Dimerisation of
dithiomaleimide456 did not occur upon irradiation, probably due te #teric hindrance
in the scaffold, but styrene could be conjugateditiliomaleimide456 in good yields,
Scheme 285When this strategy was attempted with a dithi@nailde incorporating
cysteine294, a product that had doubly incorporated the siymeas also witnessed by
mass spectroscopdb9. The structure of the double incorporation prodi&9was only
tentatively assigned as it was not isolated pasineco chromatographyscheme 285
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When the conjugation strategy was attempted withpeptide
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70% lIsolated together
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dithiomaleimide across a disulfide bridges. MB-SST, irradiation afforded a mixture

that could not be analysed. When the same disulfittge was doubly labelled with

two bromomaleimides289 to afford doubly

labelled somatostatin  (2M-SST),

subsequent irradiation afforded a mass loss of[1&35cheme 2861t was postulated

that this loss occurred from an unprecedented Hegglation and thiomaleimide

elimination to afford enamidé78 Scheme 286
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Owing to time constraints, the photochemical ‘ckge/ could not be further
investigated but investigations in this area wanlwlve the synthesis and irradiation of
a small molecule thiomaleimide analogue contairangarboxylic acid. This strategy
could potentially be used in photochemically-meelilatleavage of a label tethered to a

proteinvia a thiomaleimide, and subsequent functionalisatioime resultant enamide.

The wide range of suitable partners in the [2+2)tpbycloaddition of thiomaleimides
indicates the vast potential for bioconjugatioratiiene or alkyne containing labels with
biomolecules modified with a thiomaleimide. ThisssMarther supported by the high
Amax @nde of thiomaleimides and dithiomaleimides, indicatihgt the constructs could
be irradiated at high wavelengths, largely avoidomgtein degradation from sub-360

nm irradiation.

Work described in this text opens up many poterdignues for modificationsia

conjugate addition of cysteine to the bromomaleesitb form reversible constructs, or
via irradiation of the newly formed thiomaleimides fmm irreversible cyclobutane
adducts. Future goals of this work would encompasserous potential applications,
including use of these strategies towards labghedeins, immobilisation onto solid

support or photochemically-mediated label cleavage.

279



3. Experimental

All reactions were carried out at atmospheric pressvith stirring unless otherwise
stated. Solvents and reagents were purchased fuppliers and used without any
further purification.

Normal phase silica gel (BDH) and sand (VWR) wesedufor flash chromatography.
All reactions were monitored by thin layer chrongaphy (TLC) unless otherwise
stated. TLC plates pre-coated with silica gel 66 &n aluminium (Merck KGaA) were
used, detection was by UV (254 or 365 nm) or chahstain (KMnQ or vanillin).

High and low resolution mass spectrometry was perad using a VG70 SE operating
in modes ES, El, FAB or CI (+ or -) depending oa sample.

'H Nuclear Magnetic Resonance (NMR) spectra wererdedl at 300 MHz, 400 MHz,
500 MHz and 600 MHz antfC NMR at 75 MHz, 100 MHz, 125 MHz and 150 MHz
on a Bruker AMX300, AMX400, AMX500 and AMX600 at dment temperature.
Chemical shifts were measured in parts per mil{fgpm) and are quoted asCoupling
constants), are quoted in Hertz (Hz) to 1 decimal place. Whetiplicity of the signal

is indicated as s-singlet, d-doublet, t-tripletguprtet, m-multiplet, defined as all
multipeak signals where overlap produces complaekgeAll peaks should be taken as
sharp unless otherwise described. Where necessaignments were made with the aid
of DEPT, COSY, HMQC, HMBC or NOESY correlation exipeents.

Infrared spectra were obtained on a Perkin ElmexcBpm 100 FTIR Spectrometer
operating in ATR mode. Melting points were measungtth a Gallenkamp apparatus
and are uncorrected. UV-Vis spectroscopy was ahmigt on a UV-2400PC Series.

Elemental analyses were carried out by Gillian Metkat University College London.

3.i. Abbreviations

Within this text, room temperature is defined asMeen 19-22 °C. The terim vacuois
used to describe solvent removal by Bichi rotagpevation between 17 and 60 °C at
approx 10 mmHg unless otherwise stated. The tesgdssed’ refers to the process of
removing Q from a solution by bubbling argon through the solu Irradiations were

carried out using a medium pressure 125W mercump l&Photochemical Reactors
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Ltd.) and a pyrex immersion well (Photochemical &®ees Ltd.) cooledvia running
water. For NMR experiments, CDG$ fully deuterated @ chloroform, DMSO is fully
deuterated @ dimethylsulfoxide, and MeOD is fully deuterated®)( methanol.
Solvents were chosen according to the positiorolviesit peak in spectra and solubility

of substrate.

3.ii. Validation of photochemical equipment

To determine that all new photochemistry apparatas working efficiently, a well-
known photochemical “control reactidi® was investigated, the [2 + 2]
photocycloaddition of maleimide with propargyl dicb. The reaction was successful in
65-68% vyield (lit. 75%°%, confirming that each photochemistry set-up wasviping
sufficient strength and range wavelength, affordir@thydroxymethyl-2-aza-
bicyclo[3.2.0]hept-5-ene-1,3-dione.

(4RS, 7TRS)-6-Hydroxymethyl-2-aza-bicyclo[3.2.0]hegh-ene-1,3-dion&™

OH
(0]

8

HinnIT

~

6 1

a

T

To a solution of maleimide (250 mg, 2.58 mmol) tetnitrile (50 mL) was added
propargyl alcohol (23@L, 3.99 mmol) and the solution degassed for 15 temyrior
to irradiation in pyrex glassware for 60 minuteshwstirring. The solvent was removed
in vacuoand purification by flash chromatography (ethyetate) afforded affording 6-
hydroxymethyl-2-aza-bicyclo[3.2.0]hept-5-ene-1,8+t# as a white powder (243 mg,
1.59 mmol) in 68% yield.

dn (300 MHz, DMSO) 6.21 (br s, 1H, H-5), 5.04 (m, 1#H)-8), 3.99-3.92 (m, 2H, H
8), 3.69-3.66 (m, 1H, CH), 3.59-3.52 (m, 1H, CHak= are very broad, thus splittings
are not seenc (75 MHz, DMSO) 182.2 (C=0), 181.0 (C=0), 157.9 (CB34.3 (CbH),
63.2 (C8), 53.7 (CH), 50.6 (CH); IR (solid, &n3377 (m), 3074 (m), 2876 (w), 2798
(w), 1764 (m), 1697 (s); MS (Ehvz (relative intensity): 153 (M+, 20), 136 (15), 124
(25), 110 (20), 99 (10), 82 (100); Exact Mass Cdiod [C/H;O3N]+ requiresm/z
153.0420 Found 153.0422 (El); m.p. 102-106 °C*{Ein.p. 106-108).
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3.iii. Synthesised compounds

3.iii.i. Synthesised compounds for 2.i.

142. 3-(But-3-enyloxy)-cyclopent-2-enoré’

To a stirring dispersion of 1,3-cyclopentanedioh®@ g, 10.2 mmol) in toluene (10
mL) was added but-3-en-1-ol (2.62 mL, 30.6 mmpiY.oluene sulfonic acid (100 mg,
0.59 mmol) was added and the resulting yellow smutvas refluxed under Dean-Stark
conditions for 16 hours. Half of the solvent wasoeedin vacuoand the solution
remaining was purified by flash chromatography (28l acetate in petroleum ether)
affording142as a pale yellow oil (1.14 g, 7.50 mmol) in 87%ldi

u (300 MHz, CDC}) 5.80 (ddt, 1HJ = 17.0, 10.2 and 6.7, H-8), 5.27 (s, 1H, H-2),
5.27-5.08 (M, 2H, K9), 4.00 (t, 2H,J = 6.6, HB-6), 2.61-2.57 (m, 2H, CH), 2.51 (dt,
2H,J = 6.7 and 6.6, K7), 2.43-2.39 (m, 2H, CHt ¢ (75 MHz, CDC}) 205.0 (C1),
190.1 (C3), 133.2 (C2), 117.9 (C9), 104.8 (C8)916), 34.0 (CH), 32.8 (CH), 28.5
(CH,); IR (oil, cmi') 3080 (w), 2928 (w), 1702 (s), 1586 (s); MS (Hijz (relative
intensity): 152 (M+, 75), 124 (70), 97 (85), 69 Y8Hxact Mass Calcd for [¢E11,0,]+
requiresm/z152.0831 Found 152.0834 (EIl); UV (Acetonitrilgl, = 36100 and,g, =
7500 cntM ™.

Svynthesis of Dess-Martin periodinane

2-lodoxybenzoic acid®®
0

\_
\O

o

e}

2-lodoxybenzoic acid was synthesised and isolatedreing to literature methotfs
and afforded as a white solid that degraded ondsign(21.7 g, 0.077 mol) in 97%
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yield. 34 (500 MHz, DMSO) 8.12 (d, 1H] = 8.0, Ar-H), 8.03-7.97 (m, 2H, 2 x Ar-H),
7.83 (app t, 1HJ = 7.4, Ar-H); 3¢ (125 MHz, DMSO) 167.52 (C=0), 146.54 (Ar),
133.41 (Ar-H), 132.96 (Ar-H), 131.40 (Ar), 130.0A8r{H), 124.99 (Ar-H); Mass ion

not found.

Dess-Martin periodinane®®

Dess-Martin periodinane was synthesised and isbkteording to literature methdd
and afforded as a white solid that degraded ondsign(23.6 g, 0.056 mol) in 72%
yield. 8y (500 MHz, DMSO) 8.36 (d, 1H] = 8.6, Ar-H), 8.13-8.05 (m, 2H, 2 x Ar-H),
7.93 (app t, 1HJ = 7.4, Ar-H); 3¢ (125 MHz, DMSO) 175.87 (C=0), 174.10 (C=0),
166.23 (C=0), 142.36 (Ar), 135.76 (Ar-H), 133.85A), 131.90 (Ar), 126.55 (Ar-H),
126.10 (Ar-H), 20.48 (2 x C#)l, 20.34 (CH); Mass ion not found.

143. (4RS, 6SR, 10SR)-1-Oxa-tricyclo[5.3.0:#|decan-7-one

Method 1: 142 (76 mg, 0.50 mmol) was dissolved in acetonitril@.f1mL) and the
resulting solution was degassed for 30 minutesr paammediate irradiation in pyrex
glassware for 90 minutes with stirring. The solvews removedin vacuo and
purification by flash chromatography (gradient iatin petroleum ether (1% Ngtto
50% ethyl acetate in petroleum ether (1% J\Eafforded143 as a colourless oil (10
mg, 0.065 mmol) in 13% vyield.

Method 2: To a stirring solution 0202 (50 mg, 0.26 mmol) in dichloromethane &)
was added freshly prepared Dess-Martin periodindd& mg, 0.36 mmol). Pyridine
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(77 pL, 0.96 mmol) was added and the dispersioredtiat ambient temperature for 15
minutes. The solvent was removed vacuo and the purification by flash
chromatography (gradient elution in petroleum e{i86 NEg) to 50% ethyl acetate in
petroleum ether (1% NE)) afforded143as a colourless oil (41 mg, 0.27 mmol) in 84%
yield.

on (500 MHz, CDC}) 4.23 (dd, 1HJ = 8.8 and 8.5, H-2), 3.95 (ddd, 1HJ = 8.8, 8.5
and 7.0HH-2), 2.83 (ddd, 1HJ = 9.1, 8.2 and 6.5, H-4), 2.70-2.61 (m, 1H, H&BH2
(ddd, 1H,J = 18.0, 8.8 and 1.7, G, 2.53-2.47 (m, 1H, CH), 2.20-2.10 (m, 2H, 2 x
CHH), 2.03-1.83 (m, 3H, H-3 and H-5), 1.74 (dd, 1HJ = 12.6 and 6.5HH-3); d¢
(125 MHz, CDC}) 218.47 (C7), 89.28 (C10), 68.52 (C2), 47.91 (@8)30 (C4), 37.88
(CH,), 32.42 (CH)), 31.05 (CH), 23.94 (CH); IR (oil, cmi*) 2932 (m), 2857 (m), 1732
(s); MS (CI+) m/z (relative intensity): 153 ([M+H], 100); Exact Ma<Salcd for
[CoH1202]+H requiresm/z 153.0916 Found 153.0913 (Cl+); UV (Acetonitrilg), =
1100 cmM™,

144. 3-But-3-ynyloxy-cyclopent-2-enone
(o]

To a stirring dispersion of 1,3-cyclopentanedioB80( mg, 5.10 mmol) in toluene (5
mL) was added 3-butyn-1-ol (1.40 mL, 15.3 mmgbloluene sulfonic acid (50.0 mg,
0.263 mmol) was added and the resulting yellow temuwas refluxed under Dean-
Stark conditions for 16 hours. Half of the solvemhs removed in vacuo and the
solution remaining was purified by flash chromatgdry (20% ethyl acetate in
petroleum ether) affordingd4 as an off-white solid (0.560 g, 3.73 mmol) in 7¢Bld.

dn (300 MHz, CDC}) 5.31 (s, 1H, H-2), 4.08 (t, 2H,= 6.8, HB-6), 2.71-2.62 (m, 4H,
Ho-4 and H-5), 2.45 (td, 2H,J = 6.7 and 2.6, K{7), 2.05 (t, 1HJ = 2.7, H-9):5¢ (75
MHz, CDCk) 205.7 (C1), 189.7 (C3), 105.1 (C2), 79.3 (C8)519), 69.3 (C6), 34.1
(CHy), 28.4 (CH), 19.0 (CH); IR (solid, cm') 3223 (m), 3077 (w), 2926 (w), 1671 (s),
1590 (s); MS (Cl+)m/z (relative intensity): 151 ([M+H], 25), 122 (42), 80100);
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Exact Mass Calcd for [§E100,]+H requiresm/z151.0759 Found 151.0761 (Cl+); m.p.
75-76 °C; UV (Acetonitrilefss = 15600 and,74 = 3900 critM ™.

150. 3-(But-3-enyloxy)-cyclohex-2-enone

10

To a stirring dispersion of 1,3-cyclohexanedion80(2ng, 2.50 mmol) in toluene (3
mL) was added 3-buten-1-ol (642, 7.50 mmol).p-Toluene sulfonic acid (25.0 mg,
0.132 mmol) was added and the resulting yellow temuwas refluxed under Dean-
Stark conditions for 16 hours. Half of the solvemhs removed in vacuo and the
solution remaining was purified by flash chromatggdry (20% ethyl acetate in
petroleum ether) affording50as a pale yellow oil (310 mg, 1.87 mmol) in 75%l¢i

dn (300 MHz, CDC}) 5.80 (ddt, 1HJ = 17.0, 10.2 and 6.7, H-9), 5.34 (s, 1H, H-2),
5.15-5.08 (m, 2H, K10), 3.87 (t, 2HJ = 6.6, B-7), 2.49-2.45 (m, 2H, CHl, 2.39 (t,
2H, J = 6.2, CH), 2.35-2.32 (m, 2H, C}), 1.99-1.94 (m, 2H, C}); d¢c (75 MHz,
CDCl3) 199.6 (C1), 177.8 (C3), 135.6 (C2), 117.5 (C1m2.8 (C9), 67.5 (C7), 36.8
(CHy), 32.8 (CH), 29.0 (CH), 21.2 (CH); IR (oil, cmi®) 2945 (w), 1624 (s), 1563 (S);
MS (Cl+) m/z (relative intensity): 167 ([M+H], 65), 113 (100)5§100); Exact Mass
Calcd for [GoH1402]+H requires m/z 167.1072 Found 167.1073 (Cl+); UV
Acetonitrile) €24, = 22600 critM™

151. (4RS, 6SR, 11SR)-1-Oxa-tricyclo[5.4.d¢:jundecan-7-one

150(166 mg, 1 mmol) was dissolved in acetonitrile (B0) and the resulting solution
was degassed for 30 minutes prior to immediataigtion in pyrex glassware for 4
hours with stirring. The solvent was removed vacuo and purification by flash
chromatography (gradient elution in petroleum e{i86 NEg) to 50% ethyl acetate in
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petroleum ether (1% NE)) afforded151 as a colourless oil (46 mg, 0.28 mmol) in 28%
yield.

oy (500 MHz, CDC}) 4.14 (ddd, 1HJ = 9.1, 8.0 and 1.1, H2), 3.96 (ddd, 1HJ =
11.2, 9.1 and 5.34H-2), 2.81 (app ddt, 1H] = 11.6, 6.7 and 0.6, H-6), 2.70-2.64 (m,
1H, H-4), 2.48 (app dtd, 1H,= 17.0, 4.5 and 0.6, H8), 2.24 (app dtd, 1H] = 17.0,
4.5 and 0.6HH-8), 2.09-2.00 (m, 2H, H-5 and HH-9), 1.92-1.72 (m, 5HHH-5, HH-

3, HH-9 and H-10), 1.67 (dd, 1H) = 5.4 and 1.7, H-3); 8¢ (125 MHz, CDC}) 213.27
(C7), 87.94 (C11), 67.36 (C2), 49.87 (C6), 40.49)((39.70 (C8), 31.87 (C3), 31.68
(C10), 24.76 (C5), 20.17 (C9); IR (oil, €N2943 (m), 1701 (s); MS (EHvz (relative
intensity): 166 (M+, 20), 96 (100); Exact Mass Galor [C;0H1402]+ requiresm/z
166.0988 Found 166.0985 (El); UV (Acetonitrie), = 20100 ands, = 39 cm*M ™.

200. 3-But-3-ynyloxy-cyclohex-2-enone

To a stirring dispersion of 1,3-cyclohexanedion80(2ng, 2.50 mmol) in toluene (3
mL) was added 3-butyn-1-ol (0.570 mL, 7.50 mmp#loluene sulfonic acid (25 mg,
0.13 mmol) was added and the resulting yellow smuvas refluxed under Dean-Stark
conditions for 16 hours. Half of the solvent wasowed in vacuo and the solution
remaining was purified by flash chromatography (28l acetate in petroleum ether)

affording200as a pale cream solid (312 mg, 1.90 mmol) in 7&8tay

3 (300 MHz, CDC}) 5.32 (s, 1H, H-2), 3.92 (t, 2H,= 6.8, H-7), 2.61 (td, 2H,) = 6.8
and 2.7, 48), 2.41 (t, 2HJ = 6.2, CH), 2.32 (t, 2HJ = 6.2, CH), 2.02 (t, 1HJ = 2.7,
H-10), 2.00-1.94 (m, 2H, Cht ¢ (75 MHz, CDC§) 199.5 (C1), 177.2 (C3), 103.1
(C2), 79.6 (C9), 70.2 (C10), 66.1 (C7), 36.7 +28.8 (CH), 21.2 (CH), 18.9 (CH);
IR (solid, cm') 3237 (m), 2963 (w), 1642(s), 1598 (s); MS (Clmjz (relative
intensity): 165 ([M+H], 35), 113 (100), 85 (90); &t Mass Calcd for [{gH1,0,]+H
requiresm/z 165.0916Found 165.0917 (Cl+); m.p. 70-75 °C; UV (Acetotyicoso =
18000 critM ™.
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202. (4RS, 6RS, 7RS, 10SR)-1-Oxa-tricyclo[5.3.0fdecan-7-ol
m NOe
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204. (4RS, 6RS, 7SR)-(6-Hydroxymethyl-7-vinyl)-1-@bicyclo[3.2.0]heptane

HO

T

[}

142 (152 mg, 1 mmol) was dissolved in acetonitrile (60) and the resulting solution
was degassed for 30 minutes prior to additiontbfum borohydride (44 mg, 2 mmol)
and immediate irradiation in pyrex glassware fob h@inutes with stirring. The solvent
was removedn vacuoand purification by flash chromatography (gradiehition in
petroleum ether (1% NEjtto 50% ethyl acetate in petroleum ether (1%JNEfforded
202 as a colourless oil (128 mg, 0.83 mmol) in 83%dyand204 as a colourless olil (2

mg, 0.13 mmol) in 1% yield.

202.54 (500 MHz, CDC}) 4.52 (app dt, 1H) = 8.5 and 8.0, H-7), 4.16 (dd, 18i= 8.9
and 7.8 HH-2), 3.91 (ddd, 1HJ) = 11.6, 8.9 and 5.4,H42), 2.55 (app td, 1H] = 8.5
and 5.3, H-6), 2.47 (app td, 1Bi= 8.5 and 4.6, H-4), 2.1 (m, 2HH9 and HH-8), 2.0
(ddd, 1H,J = 13.3, 8.7 and 5.4H-5) 1.9 (dddd, 1HJ) = 12.4, 11.7, 8.5 and 7.9H4
3), 1.78-1.52 (m, 3H, H-9, HH-8 andHH-3), 1.25 (ddd, 1HJ = 13.4, 9.0 and 4.6, i
5); 8¢ (125 MHz, CDC}) 91.58 (C10), 89.11 (C7), 68.23 (C2), 43.25 (@®).,70 (C4),
32.45 (C3), 31.79 (Ch), 31.21 (CH), 17.84 (C5); IR (oil, cil) 3373 (br), 2935 (m);
MS (EI) vz (relative intensity): 153 ([M-H], 100), 97 (35); &gt Mass Calcd for [£
H140,]-H requiresm/z153.0910 Found 153.0915 (EI).

204.54 (300 MHz, CDC}) 6.18 (dd, 1H,) = 17.3 and 11.0, H-9), 5.31 (dd, 1H; 17.4

and 1.6, HH-10), 5.19 (dd, 1HJ = 10.9 and 1.7HH-10), 4.17-4.06 (m, 2H), 3.72-3.50
(m, 1H), 2.88-2.72 (m, 1H), 2.55-2.38 (m, 1H), 2031 (m, 5H); IR (oil, crif) 3384
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(br), 2930 (m), 2856 (m); MS (ERvz (relative intensity): 153 ([M-H], 100) 98 (50);
Exact Mass Calcd for [§E140,]-H requiresm/z153.0910 Found 153.0908 (ElI).

205. 3-(4-Methyl-pent-3-enyloxy)-cyclopent-2-enone

To a stirring dispersion of 1,3-cyclopentanedioB27( mg, 3.34 mmol) in toluene (5
mL) was added 4-methyl-pent-3-en-1-ol (1.17 mLOl®mol).p-Toluene sulfonic acid
(40.0 mg, 0.211 mmol) was added and the resultaligwy solution was refluxed under
Dean-Stark conditions for 16 hours. Half of theveat was removedh vacuoand the
solution remaining was purified by flash chromatgdry (20% ethyl acetate in

petroleum ether) affording05as a yellow oil (0.568 g, 3.16 mmol) in 95% yield.

dn (500 MHz, CDC}) 5.26 (s, 1H, H-2), 5.10 (t, 1H,= 7.4, H-8), 3.91 (t, 2H]) = 6.9,
H>-6), 2.58 (t, 2HJ = 5.4, CH), 2.45-2.39 (m, 4H, 2 x CiHi 1.69 (s, 3H, Ch), 1.62

(s, 3H, CH); &¢c (125 MHz, CDC}) 206.04 (C1), 190.25 (C3), 135.37 (C9), 118.43
(C2), 104.73 (C8), 71.57 (C6), 33.99 (§H28.55 (CH), 27.53 (CH), 25.73 (CH),
17.85 (CH); IR (oil, cm?) 2925 (w), 1702 (s), 1588 (s); MS (EiWz (relative
intensity): 180 (M+, 50), 109 (17), 83 (100); Exatass Calcd for [GH160,]+ requires
m/z180.1145Found 180.1143 (El); UV (Acetonitril&pss = 20200 and7, = 2900 cm
M,

207. (4RS, 5SR, 7SR, 10RS)-5, 5-Dimethyl-1-oxa-tido[5.3.0.0"*%decan-7-ol
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205 (180 mg, 1 mmol) was dissolved in acetonitrile (B0) and the resulting solution
was degassed for 30 minutes prior to additiontbfdm borohydride (44 mg, 2 mmol)
and immediate irradiation in pyrex glassware fdro2irs with stirring. The solvent was
removed in vacuo and purification by flash chromatography (gradieshtition in
petroleum ether (1% NBtto 50% ethyl acetate (1% Njptafforded207 as a colourless
oil (142 mg, 0.78 mmol) in 78% yield.

dn (500 MHz, CDCY) 4.33 (app dt, 1H) = 8.6 and 8.0, H-7), 4.04 (ddd, 18i= 9.1,
8.5and 1.6, H-2), 3.73 (ddd, 1HJ = 11.3, 9.1 and 5.8JH-2), 2.26 (d, 1HJ) = 8.7, H-
4), 2.19-1.98 (m, 2H, H8), 2.09 (d, 1H,) = 8.6, H-6), 1.88 (dd, 1Hl = 13.5 and 6.1,
HH-9), 1.79-1.75 (m, 2H, H3), 1.75-1.68 (m, 1HHH-9), 1.55 (br s, 1H, HO-7), 1.32
(s, 3H, CH), 1.10 (s, 3H, Ch); oc (125 MHz, CDCY) 88.13 (C10), 75.77 (C7), 69.56
(C2), 53.13 (C6), 51.97 (C4) 33.29 (C8), 32.34 (CRA).02 (C5), 26.97 (CHl 26.84
(C9), 26.58 (CH); IR (oil, cmi*) 3354 (br), 2932 (m), 2858 (m); MS (Bi)z (relative
intensity): 182 (M+, 14), 99 (51), 83 (100); Ex&tass Calcd for [GH140,]+ requires
m/z182.1301 Found 182.1297 (El).

208. 3-(3-Methyl-but-3-enyloxy)-cyclopent-2-enone

To a stirring dispersion of 1,3-cyclopentanedioB80( mg, 5.10 mmol) in toluene (5
mL) was added 3-methyl-3-buten-1-ol (1.54 mL, 1&&ol). p-Toluene sulfonic acid
(100 mg, 0.59 mmol) was added and the resultintpwesolution was refluxed under
Dean-Stark conditions for 16 hours. Half of theveat was removedh vacuoand the

solution remaining was purified by flash chromatgdry (20% ethyl acetate in

petroleum ether) affording08as a pale orange oil (493 mg, 2.97 mmol) in 58%yie
o1 (300 MHz, CDCY) 5.30 (t, 1HJ = 1.1, H-2), 4.85 (s, 1H, H-9), 4.76 (s, 1HHH-9),

4.08 (t, 2H,J = 6.8, H-6), 2.62-2.58 (m, 2H, CH}, 2.50-2.41 (m, 4H, 2 x C| 1.77 (s,
3H, Hs-10); 5¢ (75 MHz, CDC}) 206.0 (C1), 190.1 (C3), 141.0 (C2), 112.7 (CO4.8
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(C8), 70.1 (C6), 36.4 (Chl 33.9 (CH), 28.5 (CH), 22.7 (C10); IR (oil, cril) 2927
(w), 1702 (s), 1596 (s); MS (Cl#z (relative intensity): 167 ([M+H], 90), 127 (40),
99 (100); Exact Mass Calcd for {§140,]+H requiresm/z167.1072 Found 167.1074
(Cl+); UV (Acetonitrile) €3, = 27800 and,74 = 2300 critM ™,

210. (4RS, 6RS, 7RS, 10RS)-4-Methyl-1-oxa-tricyct®B.0.d"'9decan-7-ol
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208 (166 mg, 1 mmol) was dissolved in acetonitrile (B0) and the resulting solution
was degassed for 30 minutes prior to additiontbfdm borohydride (44 mg, 2 mmol)
and immediate irradiation in pyrex glassware forr®i@utes with stirring. The solvent
was removedn vacuoand purification by flash chromatography (gradiehttion in
petroleum ether (1% NEBtto 50% ethyl acetate in petroleum ether (1%J\Efforded
210as a colourless oil (119 mg, 0.71 mmol) in 71%dyie

dn (500 MHz, CDCY) 4.25 (ddd, 1H)J = 14.5, 9.6 and 7.0, H-7), 4.00 (app dt, TH;
9.3 and 8.0, H-2), 3.80 (ddd, 1HJ = 15.5, 9.3 and 6.HH-2), 2.51 (app td, 1H] =
8.7 and 7.0, H-6), 2.31 (br s, 1H, HO-7), 2.08-1(8i 1H, FH-8), 1.81 (ddd, 1H) =
12.5, 6.0 and 1.3, H9), 1.77-1.71 (m, 1H, H-3), 1.69-1.57 (m, 5H{H-3, H,-5, HH-

8 andHH-9), 1.07 (s, 3H, Bt11); 6¢c (125 MHz, CDC}) 92.51 (C10), 72.09 (C7), 67.10
(C2), 41.66 (C6), 41.66 (C4) 41.57 (C3), 32.27 (CB).25 (C9), 25.85 (C5), 20.51
(C11); IR (oil, cm®) 3379 (br), 2950 (m), 2862 (m); MS (EfYz (relative intensity):
168 (M+, 18), 151 (30), 98 (100); Exact Mass Calod [C10H1602]+ requiresm/z
168.1145 Found 168.1148 (EI).
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211. 3-(But-3-enyloxy)-2-methyl-cyclopent-2-enone

To a stirring dispersion of 2-methyl-1,3-cyclopergdione (500 mg, 4.46 mmol) in
toluene (5 mL) was added but-3-en-1-ol (1.15 mL4X8mol).p-Toluene sulfonic acid
(50.0 mg, 0.263 mmol) was added and the resultaligwy solution was refluxed under
Dean-Stark conditions for 16 hours. Half of theveat was removed in vacuo and the
solution remaining was purified by flash chromatggdry (20% ethyl acetate in
petroleum ether) affordingllas a pale yellow oil (0.700 g, 4.22 mmol) in 9584 d.

dn (500 MHz, CDCY}) 5.85 (ddt, 1H,J) = 16.8, 10.0 and 6.8, H-8), 5.21-5.13 (m, 2k H
9), 4.22 (t, 2HJ = 6.2, H-6), 2.66-2.64 (m, 2H, Ch), 2.52 (dt, 2HJ =6.9 and 6.2, K
7), 2.46-2.44 (m, 2H, CH, 1.65 (s, 3H, K10); 8¢ (125 MHz, CDC}) 205.78 (C1),
183.14 (C3), 133.64 (C8), 118.33 (C9), 116.69 (GB88 (C6), 34.41 (Ch), 33.83
(CHy), 25.56 (CH), 6.48 (C10); IR (oil, cil) 2922 (w), 1688 (s), 1624 (s); MS (Hijz
(relative intensity): 166 (M+, 37), 138 (22), 1128}, 97 (100); Exact Mass Calcd for
[C10H1402]+ requiresm/z 166.0988 Found 166.0984 (EIl); UV (Acetonitrile)ss =
16300 critM ™.

212. (4RS, 6SR, 10SR)-6-Methyl-1-oxa-tricyclo[5.3@'%)decan-7-one

211 (166 mg, 1 mmol) was dissolved in acetonitrile (60) and the resulting solution
was degassed for 30 minutes prior to immediatalisteon in pyrex glassware for 2
hours with stirring. The solvent was removed vacuo and purification by flash

chromatography (gradient elution in petroleum e(tiés NEg) to 50% ethyl acetate in

201



petroleum ether (1% NE)) afforded212 as a colourless oil (83 mg, 0.50 mmol) in 50%
yield.

81 (500 MHz, CDC}) 4.17 (app t, 1HJ = 8.8, FH-2), 3.99 (ddd, 1HJ = 8.7, 5.5 and
4.6, HH-2), 2.70 (app td, 1H) = 8.2 and 6.3, H-4) 2.56 (ddd, 1Bi= 18.4, 12.9 and
9.2, HH-8), 2.41 (ddd, 1HJ = 18.4, 8.7 and 1.8JH-8), 2.03-1.90 (m, 4H, H9, HH-5
and HH-3) 1.68 (dd, 1H, = 12.5 and 5.5HH-3), 1.41 (dd, 1H,) = 13.2 and 6.2HH-
5), 1.00 (s, 3H, B11); 8¢ (125 MHz, CDC}) 220.81 (C7), 91.13 (C10), 69.32 (C2),
49.57 (C6), 38.91 (C4), 37.28 (C9), 32.30 (C5)781C3), 29.65 (C8), 14.04 (C11); IR
(oil, cm™) 2955 (m), 2925 (m), 1731 (s); MS (Ez (relative intensity): 166 (M+, 30),
111 (100), 96 (46); Exact Mass Calcd fordd;40,]+ requiresm/z 166.0988 Found
166.0986 (EI); UV (Acetonitriley,74= 1700 criitM ™.

214. (4RS, 6RS, 7RS, 10SR)-6-Methyl-1-oxa-tricyct®p.0.d"'9decan-7-ol
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211(166 mg, 1 mmol) was dissolved in acetonitrile (80). The resulting solution was
degassed for 30 minutes prior to addition of lithiborohydride (44 mg, 2 mmol) and
immediate irradiation in pyrex glassware for 105uates with stirring. The solvent was
removed in vacuo and purification by flash chromatography (gradiettion in
petroleum ether (1% NEjtto 50% ethyl acetate in petroleum ether (1%JNEfforded
214 as a colourless 0lL21 mg, 0.72 mmol) in 72% yield.

81 (500 MHz, CDC}) 4.08-3.96 (m, 2H, K2), 3.70 (dd, 1H) = 9.5 and 6.3, H-7), 2.5
(br s, 1H, HO-7), 2.33 (dddd, 1H= 14.0, 8.8, 5.2 and 1.6, H-4), 2.16 (dd, It 13.0
and 9.0, HH-5), 2.01-1.83 (m, 2H, CH and HH-3), 1.67-1.49 (m, 4H, BH, CH,, HH-
3), 1.05 (s, 3H, kt11), 0.95 (dd, 1HJ = 13.0 and 5.2HH-5); 3¢ (125 MHz, CDCJ)
92.20 (C10), 79.21 (C7), 69.71 (C2), 46.25 (C6)089C4) 32.44 (C8), 31.55 (C9),
30.64 (C3), 27.20 (C5), 20.17 (C11); IR (oil, §8371 (br), 2948 (m), 2864 (m); MS
(El) m/z (relative intensity): 168 (M+, 47), 150 (100), 1@®D); Exact Mass Calcd for
[C10H1602]+ requiresm/z168.1145 Found 168.1155 (EI).
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215. 3-(Pent-4-enyloxy)-cyclopent-2-enone

To a stirring dispersion of 1,3-cyclopentanedio@&%0 g, 7.65 mmol) in toluene (10
mL) was added 4-penten-1-ol (2.37 mL, 23.0 mnmml).oluene sulfonic acid (75.0 mg,
0.395 mmol) was added and the resulting yellow temuwas refluxed under Dean-
Stark conditions for 16 hours. Half of the solvemhs removed in vacuo and the
solution remaining was purified by flash chromatgdry (20% ethyl acetate in
petroleum ether) affordingl5as a yellow oil (1.12 g, 6.75 mmol) in 88% yield.

dn (300 MHz, CDCY) 5.78 (ddt, 1HJ = 17.0, 10.1 and 6.7, H-9), 5.26 (t, 1Hs 1.1,
H-2), 5.06-4.97 (m, 2H, $10), 3.96 (t, 2HJ = 6.4, B-6), 2.62-2.57 (m, 2H, KH4),
2.41 (app td, 2HJ) = 4.8 and 1.1, K5), 2.17 (td, 2HJ = 7.5 and 6.7, KH8), 1.84 (tt,
2H,J = 7.5 and 6.4, K7); dc (75 MHz, CDC}) 205.9 (C1), 190.2 (C3), 137.0 (C2),
115.7 (C10), 104.7 (C9), 71.1 (C6), 34.0 (§;+29.8 (CH), 28.5 (CH), 27.7 (CH); IR
(oil, cm™) 2925 (w), 1702 (s), 1588 (s); MS (Eijz (relative intensity): 166 (M+, 100),
119 (65), 111 (92); Exact Mass Calcd fonJd:40,]+ requiresm/z 166.0988:Found
166.0990 (EI); UV (Acetonitriled,ss = 19800 and,74 = 6500 critM ™.

216.(5RS, 7RS, 11RS)-1-Oxa-tricyclo[6.3.0°65Jundecan-8-one

215(166 mg, 1 mmol) was dissolved in acetonitrile (B0) and the resulting solution
was degassed for 30 minutes prior to immediataligteon in pyrex glassware for 2
hours with stirring. The solvent was removed vacuo and purification by flash
chromatography (gradient elution in petroleum e(tiés NEg) to 50% ethyl acetate in
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petroleum ether (1% NE) afforded216 as a colourless oil (43 mg, 0.27 mmol) in 27%
yield.

o (500 MHz, CDCY) 3.77-3.73 (m, 1H, H-2), 3.60-3.56 (m, 1H1H-2), 3.13 (dd, 1H,
J=9.8 and 6.9, H-7), 2.56-2.43 (m, 2H;-#), 2.27-2.21 (m, 2H, H-5 and GH, 2.14-
2.06 (m, 2H, H3), 1.85 (ddd, 1HJ = 11.8, 9.8 and 3.3, #6) 1.74 (ddd, 1H) = 11.8,
6.9 and 6.0HH-6) 1.58-1.44 (m, 3H, BH and CH); dc (125 MHz, CDC}) 219.14
(C8), 79.25 (C11), 63.81 (C2), 48.69 (C7), 38.48)(37.36 (C5), 34.99 (C3), 27.80
(C4), 25.25 (CH)), 22.82 (CH); IR (oil, cmi*) 2935 (m), 2856 (w), 1730 (s); MS (EI)
nv/z (relative intensity): 166 (M+, 30), 111 (100), 946}; Exact Mass Calcd for [C-
10H1407]+ requiresm/z 166.0988 Found 166.0986 (El); UV (Acetonitrile}s = 293

andam =34 leM_l.

217. (5RS, 7SR, 8SR, 11RS)-1-Oxa-tricyclo[6.3.0Jundecan-8-ol
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215(166 mg, 1 mmol) was dissolved in acetonitrile (B0) and the resulting solution
was degassed for 30 minutes prior to additiontbfum borohydride (44 mg, 2 mmol)
and immediate irradiation in pyrex glassware fdrodirs with stirring. The solvent was
removed in vacuo and purification by flash chromatography (gradiettion in
petroleum ether (1% NEjtto 50% ethyl acetate in petroleum ether (1%JNEfforded
217 as a colourless oil (76 mg, 0.46 mmol) in 46%diel

dn (500 MHz, CDCY) 4.34 (app dt, 1H]) = 10.1 and 6.6, H-8), 3.76-3.68 (m, 2H;}),
2.93 (app dt, 1H) = 10.1 and 6.2, H-7), 2.31 (br s, 1H, HO-8), 208d, 1H,J = 14.8,
8.0 and 4.3, H-5), 2.05-1.96 (m, 2HHF8 and HH-9), 1.87-1.77 (m, 2HHH-6 and
HH-10), 1.72 (ddd, 1H] = 13.0, 9.6 and 6.6JH-9), 1.66-1.56 (m, 2H, H-10 and HH-
4) 1.51-1.41 (m, 2HHH-4 andHH-3), 1.37 (ddd, 1HJ = 9.6, 8.0 and 6.2, H6); 5¢c
(125 MHz, CDC}) 81.66 (C11), 73.49 (C8), 63.46 (C2), 44.83 ((3p.96 (C5) 36.47
(C10), 31.56 (C9), 27.75 (C3), 21.96 (C4), 20.85)AR (oil, cm') 3402 (br), 2958
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(m), 2862 (m); MS (ElyWz (relative intensity): 168 (M+, 10), 111 (85), 98(@); Exact
Mass Calcd for [GH1602]+ requiresm/z168.1145 Found 168.1147 (EI).

218. a(4RS, 6RS, 7RS, 11SR)and b(4RS, 6RS, 7SR, 11SR)-1-Oxa-
tricyclo[5.4.0.0*jundecan-7-ol

HO

I
T
I

Q
S Zf d
NG NG
8 5 5 8 5 5
4 4
11 H 11 H
9 10 -3 9 10 -3
10. 3 10. 3
2 2
218a 218b

150(166 mg, 1 mmol) was dissolved in acetonitrile (B0) and the resulting solution
was degassed for 30 minutes prior to additiontbfdm borohydride (44 mg, 2 mmol)
and immediate irradiation in pyrex glassware fdrodirs with stirring. The solvent was
removed in vacuo and purification by flash chromatography (gradiettion in
petroleum ether (1% NEjtto 50% ethyl acetate in petroleum ether (1%JNEfforded
218 as a colourless 0{100 mg, 0.59 mmol) in 59% vyield, a mixture iakeparable
diastereomerg7RS) 218aand (7SR) 218b NMR investigations indicated that the
mixture was a 2:1 ratio &18a:218b Signalsare tentatively assigned as {7&kS) (a)

and(7SR)(b) from comparison witld values of similar structures.

oy (500 MHz, CDC}) 4.15 (app td, 1H) = 7.9 and 1.9, H-2,), 4.10 (app td, 1H] =
8.0 and 2.11, H-2,), 4.06-3.98 (m, 3HHH-2,, H-7, andHH-2,), 3.72 (ddd, 1H,) =
10.2, 6.5 and 4.0, HpY, 2.65 (app td, 1H) = 7.2 and 6.5, H+), 2.61 (app td, 1H] =
9.0 and 7.0, H-§, 2.50 (app td, 1HJ = 8.6 and 3.9, H-g, 2.07-1.37 (m, 21H from
10H,and 11H); 6¢c (125 MHz, CDC}) 87.90 (C13), 86.97 (C13), 75.58 (C¥), 67.66
(C2,), 67.51 (C3P, 67.45 (C2), 46.69 (C@), 42.70 (Cg), 40.25 (C4, 40.06 (C4),
32.19 (C3), 31.64 (C9Y), 30.54 (CH.p), 30.52 (CH.y), 28.84 (CH.y), 27.36 (CH.y),
26.62 (CH.), 19.68 (CH.), 18.75 (CH.y), 18.54 (CH.y); IR (oil, cm®) 3381 (br),
2936 (m), 2860 (m); MS (Cl+ivz (relative intensity): 169 ([M+H], 17), 151 (100);
Exact Mass Calcd for [gH1602]+H requiresm/z169.1229 Found 169.1221 (CI+).
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219. 2-Cyclohex-1-enyl-ethandf®

OH

2-Cyclohex-1-enyl-ethano19 was synthesised and isolated according to litezatu
method&® and afforded as an orange oil (1.95 g, 0.015 iMB7% yield. 35y (300
MHz, CDCh) 5.54-5.53 (br m, 1H, H-4), 3.67-3.64 (br m, 2HH, 2.20 (t, 2H, =
6.2, H-2), 2.10-1.96, (m, 2H, Ci 1.94-1.86 (m, 2H, CH, 1.65-1.54 (m, 4H, 2 x
CH,); 5¢ (75 MHz, CDC}) 134.08 (C3), 124.42 (C4), 60.20 (C1), 41.20 (CZB.07
(C5), 25.33 (C6), 22.92 (C7), 22.42 (C8); IR (aity?) 3342 (w), 2924 (m), 1670 (W);
MS (El) m/z (relative intensity): 126 (M+, 5), 93 (35), 79 ()0&xact Mass Calcd for
[CgH140]+ requiream/z126.1039 Found 126.1046 (EI).

220. 3-(2-Cyclohex-1-enyl-ethoxy)-cyclopent-2-enone

4 10

13 12

To 1,3-cyclopentanedione (300 mg, 3.06 mmol) im¢oke (40 mL) was added known
2-cyclohex-1-enyl-ethand? (1.16 g, 9.18 mmol)p-Toluene sulfonic acid (60.0 mg,
0.316 mmol) was added and the resulting yellow temiuwas refluxed under Dean-
Stark conditions for 16 hours. Half of the solvemhs removed in vacuo and the
solution remaining was purified by flash chromatgdry (20% ethyl acetate in
petroleum ether) affording20as a bright orange oil (0.550 g, 2.69 mmol) in 8@eétd.

dn (500 MHz, CDCY) 5.46 (br s, 1H, H-13), 5.26 (s, 1H, H-2), 4.002(,J = 6.8, H-
6), 2.57 (t, 2H,) = 6.8, H-7), 2.43-2.32 (m, 4H, H4 and H-5), 2.01-1.87 (m, 4H, H9
and H-12), 1.65-1.47 (m, 4H, H10 and H-11); éc (125 MHz, CDC}) 206.10 (C1),
190.28 (C3), 133.10 (C8), 124.11 (C13), 104.82 (GR)74 (C6), 36.84 (Chi 34.06
(CH,), 28.64 (CH), 28.62 (CH), 25.29 (CH), 22.86 (CH), 22.25 (CH); IR (oil, cm™)
2925 (m), 1705 (m), 1590 (s); MS (Clnyz (relative intensity): 207 ([M+H], 100);
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Exact Mass Calcd for [fgH150,]+H requiresm/z207.1385 Found 207.1388 (Cl+); UV
(Acetonitrile) €23, = 21800 critM ™.

221. (4RS, 8SR, 14SR)-3-Oxa-tetracyclo[8.4.6%0" tetradecan-7-one (One
diastereomer but stereochemistry at 9 is not defirth
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and 223. 4-Hydroxy-3-oxa-tricyclo[8.4.0.8“tetradecan-7-one (one diastereomer

of undefined stereochemistry)

220 (206 mg, 1 mmol) was dissolved ir: acetonitrile (B0) and the resulting solution
was degassed for 30 minutes and irradiated in pyie@ssware for 5 hours with stirring.
The solvent was removed vacuoand purification by flash chromatography (gradient
elution in petroleum ether (1% Nftto 50% ethyl acetete in petroleum ether (1%
NELt;)) afforded tetracycl@21as a colourless of6 mg, 0.13 mmol) in 13% vyield, and
tricycle 223 as a pale yellow paste (27 mg, 0.13 mmol) in 138lely

221.5y (500 MHz, CDC}) 4.17 (app t, 1H) = 9.1, FH-2), 3.89 (ddd, 1HJ) = 11.6, 9.1
and 5.4HH-2), 2.71 (dd, 1HJ = 10.8 and 2.2, H-8), 2.57 (dddd, 1Hs 19.5, 11.3, 2.7
and 2.2, HH-6), 2.45 (ddd, 1HJ = 19.5, 10.6 and 9.6JH-6) 2.23 (ddd, 1HJ = 14.0,
9.6 and 2.8, H-5), 2.15 (app td, 1H] = 10.6 and 7.4, $9), 2.07 (app dt, 1H] = 14.0
and 10.9HH-5), 1.95 (dd, 1H) = 12.2 and 5.24H-1), 1.84 (m, 1H, H-12) 1.70-1.62
(m, 2H, HH-11 and HH-1), 1.60-1.50 (m, 2H, H-10 and HH-13), 1.44-1.33 (m, 2H,
HH-12 and HH-11), 1.31-1.17 (m, 2HHH-10 andHH-13); éc (125 MHz, CDCY)
219.03 (C7), 90.72 (C4), 67.27 (C2), 52.15 (C8)983C14) 40.70 (C6), 30.59 (C1),
36.02 (C9), 27.12 (C5), 26.13 (C12), 21.26 ZH9.71 (CH), 18.64 (CH); IR (oll,
cm?) 2934 (m), 1724 (s); MS (Cl+)Vz (relative intensity): 207 ([M+H], 100); Exact
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Mass Calcd for [gH180:]+H requires m/z 207.1389 Found 207.1389 (CI+); UV

(Acetonitrile) €230 = 750 andtog4 = 49 cmitM ™,

223.56y4 (500 MHz, CDC}) 3.97 (ddd, 1HJ = 10.1, 8.8 and 6.0,H#2), 3.75 (ddd, 1HJ
= 9.4, 8.8 and 6.(HH-2), 2.51 (m, 2H, K6), 2.34 (dd, 1H,J = 15.4 and 7.7HH-8),
2.17 (dd, 1HJ = 18.0 and 12.6, H-5), 1.98 (dd, 1H, = 18.0 and 2.2HH-5), 1.95-
1.56 (m, 5H, H9, H,-1, HH-8 and CHH), 1.75-1.70 (m, 2H, 2 x CH), 1.46 (d, 1HJ =
13.3, CHH), 1.31-1.15 (m, 4H, 4 x IgH); d¢c (125 MHz, CDC}) 209.59 (C7), 107.46
(C4), 64.93 (C2), 51.99 (C14), 46.89 (C5), 38.29)(B37.85 (C6), 32.96 (CH 30.58
(CHy), 30.34 (CH), 29.51 (CH), 26.26 (CH), 23.66 (CH); IR (oil, cmi®) 3392 (br),
2926 (s), 1693 (s); MS (Cl+z (relative intensity): 225 ([M+H], 56), 207 (100)x&ct
Mass Calcd for [EH2003]+H requiresm/z 225.1491 Found 225.1495 (CI+); UV

(Acetonitrile) €230 = 750 anctzes = 49 cmi*M ™.

224. 1:1 mixture of diastereomers (4RS, 7RS, 8RRS, 14SR)- and (4RS, 7RS,
8RS, 9SR, 14SR)-3-Oxa-tetracyclo[9.3.0:80" |tetradecan-7-ol

HQ HO

I

10

\J
7 aw
AN
11 \ 11
6

12 12

7

iy,
© .1\\\\“I
.
S
Wy,

©

N
I

.

N

(4]
//////,/ N ©

[N
w

13

O////,,lln ©

\\\\\\\\
[4,]
aay

<
(

2

220 (206 mg, 1 mmol) was dissolved in acetonitriIeZCBD) and the resulting solution
was degassed for 30 minutes prior to additiontbfdm borohydride (44 mg, 2 mmol)
and immediate irradiation in pyrex glassware forh@urs with stirring. Lithium

borohydride (22 mg, 1 mmol) was added and irragiiatontinued for two hours. The
dispersion was filtered and the solid washed witWl Bydrochloric acid (aq.) (5 mL).
The filtrate was taken and the solvent was remawedacuo Purification by flash

chromatography (gradient elution in petroleum e{i86 NEg) to 50% ethyl acetate in
petroleum ether (1% NE) afforded224 as a colourless o{l150 mg, 0.72 mmol) in
72% vyield. NMR investigations indicated that thextare was a 1:1 ratio of

diastereomers shown.

N.B. Due to the complex nature of the diastereomerscauedlapping NMR signals,

peaks cannot be assigned to one diastereomer otiteeand are merely labelled as CH
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or CH,. Where notation ‘a’ and ‘b’ is used, signals candetermined as arising from
different structures but not from which diastereonie was proposed that the two
diastereomers are epimers at carbon-9 by the mo&bit of the 9-H proton and the
adoptable configurations of the structure.

dn (500 MHz, CDC}) 4.41-4.31 (m, 2H, (H-%)and (H-7}), 4.11(app t, 1HJ = 7.9,
(HH-2),), 3.93 (app td, 1HJ) = 8.2 and 6.4,HH-2),), 3.89-3.79 (m, 2H, (H-2), and
(HH-2),), 2.69-2.60 (m, 2H, H-8and H-8), 2.28-2.13 (m, 3H), 2.13-2.04 (m, 1H),
2.04-1.94 (m, 1H), 1.91-1.85 (m, 5H, contains b9 COSY), 1.84-1.73 (m, 5H), 1.72-
1.64 (m, 4H), 1.61-1.50 (m, 6H, contains Kby COSY), 1.44-1.38 (m, 3H), 1.23-1.13
(m, 1H), 1.07 (ddd, 1H] = 13.2, 5.5 and 2.3 (125 MHz, CDC}) 96.17 (C4), 92.58
(C4y,), 74.92 (CP, 72.88 (C¥), 67.31 (C2), 66.95 (C), 53.61 (CY, 51.38 (C19,
47.36 (C14), 46.00 (C9), 41.10 (CH), 36.65 (CH), 35.00 (C}), 34.23 (CH), 34.01
(CH), 33.94 (CH), 28.17 (CH), 26.88 (CH), 26.55 (CH), 26.07 (CH), 22.92 (CH),
22.88 (CH), 21.19 (CH), 21.12 (CH), 19.55 (CH), 17.37 (CH); IR (oil, cm?) 3371
(br), 2929 (s), 2858 (m); MS (Elyz (relative intensity): 208 (M+, 7), 109 (94), 108
(100); Exact Mass Calcd for [gH200,]+ requiresm/z208.1458 Found 208.1451 (EI).

226. Cyclohex-2-enyl-methandf®

Cyclohex-2-enyl-methano26 was synthesised and isolated according to litezatu
method$* and afforded as a colourless oil (1.60 g, 7.77)rI90% vyield.5y (300
MHz, CDCk) 5.82 (dt, 1HJ = 9.6 and 3.3, H-3), 5.59 (dd, 1Bl= 9.6 and 2.2, H-2),
3.57-3.53 (m, 2H, K7), 2.36-2.26 (m, 1H, H-1), 2.03-1.97 (m, 2H;-4), 1.83-1.69
(m, 2H, CH), 1.61-1.31 (m, 2H, CH; éc (75 MHz, CDC}) 129.7 (C3), 127.7 (C2),
67.1 (C7), 38.23 (C1), 25.51 (GH25.28 (CH), 20.96 (CH); IR (oil, cmi?) 3312 (m),
2922 (m), 2859 (m), 1702 (w); MS (Etyz (relative intensity): 112 ([M+], 10), 95 (30),
94 (100); Exact Mass Calcd for{8,,0]+ requiream/z112.0883 Found 112.0886 (EI);
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227. 3-(Cyclohex-2-enylmethoxy)-cyclopent-2-enone

11 10

To a stirring dispersion of 1,3-cyclopentanediof@d( mg, 4.08 mmol) in toluene (40
mL) was added cyclohex-2-enyl-methanol (1.14 g2 X0mol).p-Toluene sulfonic acid
(40 mg, 0.211 mmol) was added and the resultinpwesolution was refluxed under
Dean-Stark conditions for 16 hours. Half of theveat was removed in vacuo and the
solution remaining was purified by flash chromatggdry (20% ethyl acetate in
petroleum ether) affording27 as a yellow oil (0.710 g, 3.69 mmol) in 91% yield.

o (500 MHz, CDCY) 5.84-5.82 (m, 1H, H-9), 5.57 (ddt, 1Bi= 10.2, 2.3 and 1.7, H-
8), 5.28 (s, 1H, H-2), 3.83 (d, 2H,= 7.0, K-6), 2.62-2.60 (m, 3H, H-7 and,H0),
2.44-2.42 (m, 2H, HK4), 2.03-2.01 (m, 2H, CHl 1.86-1.69 (m, 2H, Ch), 1.62-1.37
(m, 2H, CH); 6c (125 MHz, CDC}) 206.11 (C1), 190.40 (C3), 130.23 (C9), 126.29
(C8), 104.86 (C2), 75.56 (C6), 34.93 (C7), 34.08)(28.56 (C5), 25.58 (CH 25.18
(CHy), 20.55 (CH); IR (oil, cmi) 2926 (m), 1702 (m), 1584 (s); MS (Clwjz (relative
intensity): 193 ([M+H], 100), 127 (37), 95 (43); &t Mass Calcd for [GH160,]+H
requiresm/z193.1229 Found 193.1225 (Cl+); UV (Acetonitrig}, = 29700 and,go =

1480 cmtM ™,

229. (3RS, 7SR, 8SR, 9SR, 12RS, 13SR)-1-Oxa-tetrdo}6.4.1.6*20"*Htridecan-
9-ol
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227 (192 mg, 1 mmol) was dissolved in acetonitrile (B0) and the resulting solution
was degassed for 30 minutes prior to additiontbfdm borohydride (44 mg, 2 mmol)
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and immediate irradiation in pyrex glassware forh@urs with stirring. Lithium
borohydride (22 mg, 1 mmol) was added at this stagkirradiation continued for two
hours. The dispersion was filtered and the soligdhgd with 2 M hydrochloric acid
(ag.) (56 mL). The filtrate was taken and the solweas removedh vacuo Purification
by flash chromatography (gradient elution in petuoh ether (1% NE} to 50% ethyl
acetate in petroleum ether (1% Ntafforded229 as a colourless o{d6 mg, 0.24
mmol) in 24% vyield.

dn (500 MHz, CDCY)) 4.34 (app dt, 1HJ) = 13.4 and 7.1, H-9), 4.00 (dd, 18i= 9.0
and 8.8 HH-2), 3.71 (dd, 1HJ = 9.5 and 9.0, H-2), 2.58-2.50 (m, 1H, H-3), 2.48 (t,
1H,J=7.2, H-8), 2.36 (dd, 1H] = 8.7 and 8.0, H-13), 2.14 (app ddt, 1+ 8.0, 7.6
and 4.0, H-7), 2.05-2.00 (m, 1HH-10), 1.84-1.75 (m, 3H, H11 andHH-10), 1.68-
1.58 (m, 2H, H5), 1.51-1.36 (m, 4H, H6 and H-4); 6c (125 MHz, CDC}) 89.58
(C12), 73.41 (C9), 71.43 (C2), 47.21 (C8), 41.813; 33.74 (C3), 31.72 (C10), 31.29
(C11), 26.26 (Ch), 22.91 (CH), 19.81 (C7), 15.36 (CHt IR (oil, cmi') 3384 (br),
2929 (s); MS (EInvz (relative intensity): 194 (M+, 13), 176 (23), 152b§, 95 (100);
Exact Mass Calcd for [GH150,]+ requiresm/z194.1301 Found 194.1309 (EI).

237. 3-lodo-cyclopent-2-enorfé 2>

To a solution of triphenylphosphine (0.75 g, 2.8imal) in dry acetonitrile (30 mL),
iodine (0.73 mg, 2.87 mmol) was added in one portibhe yellow dispersion was
stirred for two hours at room temperature and th8rcyclopentanedione (250 mg, 2.55
mmol) added in one portion, immediately followed toethylamine (400uL, 2.87
mmol). The yellow dispersion was heated at reflox4 hours. Approximately half of
the solvent was removenh vacuo and diethyl ether (50 mL) added. The brown
precipitate was removedia filtration and purification of this solid by flash
chromatography (50% ethyl acetate in petroleumrgtiiéorded237 as a yellow solid
that darkens on standing (440 mg, 2.12 mmol) in 8fi#dd. 'H NMR shows
degradation after one week.
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3y (300Hz, MeOD) 6.68 (s, 1H, H-2), 3.11-3.07 (m, Z3H,), 2.49-2.46 (m, 2H, CH);
d¢c (75Hz, MeOD) 208.3 (C1), 144.2 (C2), 138.9 (C33,04(CH), 38.4 (CH); IR
(solid, cm®) 3066 (m), 1691 (s); MS (Eln/z (relative intensity): 208 (M+, 25), 81
(100); Exact Mass Calcd for §8s10]+ requiresm/z207.9380 Found 207.9375 (EI).

238. 5-lodo-pent-1-yn&*

1 %\A|
To a stirred solution of triphenylphosphine (1.22¢5 mmol) in dichloromethane (15
mL) were added in quick succession, imidazole (86 4.65 mmol) and iodine (1.18
g, 4.65 mmol). The dispersion was stirred at roempgerature for 30 minutes and then
4-pentyn-1-ol (370 pL, 4 mmol) added, whereupon dispersion was stirred for 3
hours. The solvent was removiedvacuo(caution: volatile product) to afforg38 as a
colourless oil (650 mg, 3.35 mmol) in 72% vyield.

dn (300 MHz, CDCYJ) 3.31 (t, 2H,J = 6.7, B-5), 2.34 (dt, 2H,) = 6.7 and 2.7, KH3),
2.00-1.91 (m, 3H, K4 and H-1):3¢c (75 MHz, CDC}) 82.3 (C2), 69.5 (C1), 31.8 (C3),
19.5 (C4), 5.0 (C5); IR (oil, ct) 3293 (m), 2908 (w), 1427 (m); MS (Bb/z (relative
intensity): 194 (M+, 100), 134 (80), 127 (65); ExMass Calcd for [gH-I]+ requires
m/z193.9587 Found 193.9590 (El).

239. 3-Ethoxy-cyclopent-2-enone

To a stirring dispersion of 1,3-cyclopentanediof@d( mg, 5.10 mmol) in toluene (25
mL) was added ethanol (0.890 mL, 15.3 mmpiY.oluene sulfonic acid (100 mg, 0.52
mmol) was added and the resulting yellow solutiosis wefluxed under Dean-Stark
conditions for 16 hours. Half of the solvent waso®ed in vacuo and the solution
remaining was purified by flash chromatography (28l acetate in petroleum ether)

affording239as a pale orange oil (460 mg, 3.71 mmol) in 77étdyi
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31 (300 MHz, CDC}) 5.29 (s, 1H, H-2), 4.05 (q, 2d,= 7.1, H-6), 2.61 (t, 2HJ = 5.0,
CHy), 2.44 (t, 2HJ =5.0, CH), 1.41 (t, 3HJ = 7.1, K-7); 6c (75 MHz, CDC}) 206.1
(C1), 190.2 (C3), 104.7 (C2), 67.7 (C6), 34.0 (;128.6 (CH), 14.2 (C7)IR (oil, cm
1) 2984 (w), 1674 (m), 1582 (s); MS (Cl#yz (relative intensity): 127 ([M+H], 100),
113 (25), 99 (70); Exact Mass Calcd for/HzoO2]+H requiresm/z 127.0759 Found
127.0760 (CI+); UV (Acetonitrileg10 = 18200,e232 = 18600,8263 = 1500 andtze; =
300 cmi'M ™,

240. (5-Chloro-pent-1-ynyl)-trimethyl-silane’**

Cl

To a stirred solution of 5-chloro-1-pentyne (1.001g02 mL, 9.71 mmol) in dry
tetrahydrofuran (10 mL) at -78 °C under argon, added-butyl lithium (6.4 mL, 1.6
M in hexanes, 10.24 mmol) dropwise. After 30 misuge solution of trimethyl silyl
chloride (2.47 mL, 19.4 mmol) in tetrahydrofura® (hL) was added dropwise over 30
minutes. The colourless solution was allowed to edim room temperature over 2
hours. The reaction mixture was quenched with asgdrammonium chloride (aq.) (50
mL) and extracted with ether (2 x 50 mL), dried oWgSQ, and the solvent was
removedin vacuo Purification by flash chromatography (petroleutimeg) afforded240

as a colourless volatile oil (0.97 g, 5.42 mmolb6% yield.

dn (300 MHz, CDC}) 3.65 (t, 2H,J = 6.7, H-5), 2.41 (t, 2HJ = 6.8, HB-3), 1.96 (it,
2H,J = 6.7 and 6.7, K4), 0.15 (s, 9H, 3 x K6); ¢ (75 MHz, CDC}) 105.17 (C2),
85.66 (C1), 43.61 (C5), 31.35 (C3), 17.32 (C4)9U® x C6); IR (oil, crit) 2922 (w),
1248 (m); Mass ion not found.

245. Cobalt hexacarbonyl(butyn-4-ol)dicobaft

oC /CO
oc—Co co
ol —co
HO™ 1N\, " O\
3 co

Cobalt hexacarbonyl(butyn-4-ol)dicob245 was synthesised and isolated according to
literature method&>® and afforded as a dark brown oil (4.50 g, 13.31) indB9% yield.
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31 (500 MHz, CDC}) 6.07 (br s, 1H, HO-1), 3.90 (br s, 2H;-H), 3.11 (br s, 2H, KH2),
1.55 (br s, 1H, H-4)}C NMR could not be performed on this compound due t
excessive broadening by cobalt; IR (oil, 8338 (m), 2924 (w), 1993 (m); No mass

ion found.

246. Cobalt hexacarbonyl(pentyn-5-ol)dicobalt

ocC CO

\/ CO

HO, OocC—=Co
A
To a stirring black solution of cobalt octacarbonyldichloromethane (5 mL) at room
temperature was added 1-pentyn-5-ol (285 3 mmol) in dichloromethane (1 mL)
over 10 minutes and stirred for five hours. Theveot was removednh vacuo and
purification by flash chromatography (10% ethepeatroleum ether) afforde246 as a

dark red-brown oil (0.99 g, 2.82 mmol) in 94% vyield

dn (500 MHz, CDCY) 6.04 (br s, 1H, HO-1), 3.80 (br s, 2H,-#), 2.98 (br, s, 2H, H
2), 1.92 (br s, 2H, KH3), 1.41 (br s, 1H, H-5)*C NMR could not be performed on this
compound due to excessive broadening by the cdBa(pil, cmi') 3315 (w), 2945 (w),
1984 (s); MS (EI)m/z (relative intensity): 370 (M+, 15), 343 (15), 31400), 287 (95);
Exact Mass Calcd for [ZHsC0,O]+ requiresm/z369.8929 Found 369.8938 (EI).

247. 5-(2-Hydroxy-ethyl)-cyclopent-2-enorf&

5-(2-Hydroxy-ethyl)-cyclopent-2-enor&17 was synthesised and isolated according to
literature method&>® and afforded as an orange oil (0.95 g, 7.5 mnmj4%.5, (500
MHz, CDCk) 7.44 (br s, 1H, H-4), 3.69 (t, 2H,= 5.8, H-7), 2.97 (br s, 1H, HO-7),
2.59-2.57 (m, 2H, C}J, 2.44 (t, 2H,J = 5.8, B-6), 2.40-2.38 (m, 2H, Cht o¢c (125
MHz, CDCk) 211.26 (C1), 160.58 (C4), 143.96 (C5), 61.28 (@3A.68 (CH), 29.31
(CH,), 26.92 (CH); IR (oil, cmi*) 3410 (m), 2922 (w), 1690 (s); MS (Clm)z (relative
intensity): 127 ([M+H], 100), 109 (65), 97 (47); &t Mass Calcd for [#1100.]+H
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requiresm/z127.0759 Found 127.0763 (Cl+); UV (Acetonitrilg); = 17000 andg4 =
2550 cm'M ™,

248. 5-(3-Hydroxy-propyl)-cyclopent-2-enone

To 246(4.80 g, 13.64 mmol) in vinyl benzoate (25 mL) avater (5 mL) was added-
methyl morpholineN-oxide (14.20 g, 121 mmol) in dichloromethane (50) mropwise
over one hour, whereupon the red/brown solutiomedrpurple. The solution was
stirred for 16 hours. The purple dispersion waterdd through a plug of silica and
washed through with ether. The solvent was remavescuoand purification by flash
chromatography (gradient elution in ether to 10%@ebl in ethyl acetate) afford@d8
as a pale orange oil (0.99 g, 7.09 mmol) in 52%dyie

dn (500 MHz, CDCY) 7.37 (ddd, 1HJ = 3.9, 2.6 and 1.2, H-4), 3.59 (t, 2H7 6.2, H-
8), 2.59-2.57 (m, 2H, Ch), 2.43-2.41 (m, 2H, C}J, 2.31-2.27 (m, 2H, C§), 2.12 (s,
1H, HO-8), 1.74-1.69 (m, 2H, G éc (125 MHz, CDC}) 210.87 (C1), 158.86 (C4),
145.92 (C5), 61.60 (C8), 34.61 (©H31.29 (CH), 26.66 (CH), 20.83 (CH); IR (oll,
cm?) 3388 (m), 2929 (w), 1691 (s); MS (Clmyz (relative intensity): 141 ([M+H], 75),
123 (100); Exact Mass Calcd for di;,0,]+H requiresm/z141.0916 Found 141.0916
(Cl+); UV (Acetonitrile) €22, = 16300 andsz, = 2110 cnitM ™.

257. 5-(Hydroxy-methyl)-cyclopent-2-enon@&”

HO 5

To a solution of 2-cyclopenten-1-one (1.00 g, 12at)nm chloroform (15 mL) and
methanol (10 mL) was added 37% aqueous formaldeliyde mL). A solution of
tributylphosphine was added to the reaction mixane stirred at room temperature for
2 hours. Purification by flash chromatography (geatlelution in 20% ethyl acetate in
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petroleum ether 33% ethyl acetate in petroleumrethorded257 as a waxy paste
(0.83 g, 7.4 mmol) in 63% vyield.

oy (500 MHz, CDC}) 7.52 (ddd, 1HJ = 4.0, 2.7 and 1.4, H-4), 4.36-4.33 (m, 2H; H
6), 2.66 (t, 1HJ = 5.9, HO-6), 2.64-2.61 (m, 2H, GH 2.44-2.42 (m, 2H, Ch; &¢
(125 MHz, CDC}) 209.98 (C1), 159.00 (C4), 145.01 (C5), 57.70 (G5.09 (CH),
26.94 (CH); IR (solid, cm') 3355 (m), 2870 (w), 1664 (s); MS (Cl#)/z (relative
intensity): 113 ([M+H], 100), 95 (32); Exact Massl€d for [GHgO,]+H requiresm/z

113.0603 Found 113.0609 (CI+); UV (Acetonitrie)s = 14700 andsgs = 278 cnitM”
1

270. (4RS, 6RS, 7RS, 10SR)-1-Oxa-7-methylsulfonatyicyclo[5.3.0.0"*%decane

To an ice-cold solution 0202 (50 mg, 0.32 mmol) and triethylamine (1QE, 0.77
mmol) in dichloromethane (1 mL) was added metharn®rsyl chloride (50uL, 0.32
mmol) in dichloromethane (1 mL) in four equal pons. The solution was stirred at O
°C for 30 minutes and allowed to come to room temipee. The reaction was diluted
with water (5 mL) and then the layers separatee dtganic layer was extracted and
washed with water (2 x 5 mL), brine (10 mL) andedrover MgS@ Organic solvent
was removedn vacuoto afford a pale yellow waxy soli@70 that melts on standing at

room temperature (65 mg, 0.28 mmol) in 80% yield.

84 (500 MHz, CDC}) 5.02 (ddd, 1H,) = 10.6, 7.8 and 6.8, H-7), 4.14 (app t, TH

7.4,HH-2), 3.88 (ddd, 1HJ = 11.4, 7.4 and 5.5, ##2), 2.95 (s, 3H, k11), 2.73 (ddd,
1H,J = 9.2, 8.0 and 5.2, H-6), 2.51 (app td, DH; 8.8 and 4.7, H-4), 2.30 (ddd, 18,
=12.5, 7.0 and 6.1, ##8), 2.07 (ddd, 1HJ = 12.7, 10.8 and 7.3{H-8), 2.00 (ddd, 1H,
J=13.8, 8.9 and 5.2, ##5), 1.91 (dddd, 1HJ = 12.4, 11.2, 8.8 and 7.4H3), 1.80
(app td, 1HJ = 12.5 and 7.0, H-9), 1.76 (app td, 1H] = 12.5 and 6.1HH-9), 1.66
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(dd, 1H,J = 12.5 and 5.4HH-3), 1.42 (ddd, 1HJ = 13.8, 9.6 and 4.3JH-5); ¢ (125
MHz, CDCk) 93.18 (C10), 81.26 (C7), 68.45 (C2), 51.76 (CH),78 (CH), 38.20
(C11), 32.34 (Ch), 31.30 (CH), 29.73 (CH), 18.41 (C5); IR (oil, crl) 3388 (m),
2929 (w), 1691 (s); MS (Cl+n/z (relative intensity): 153 (M-CE80;, 30), 137 (100);
Exact Mass Calcd for [fgH1604S]-CH;SO, requiresm/z 153.0910 Found 153.0915
(Cl+).

NH 5

To maleimide (2.00 g, 0.02 mol) in chloroform (1%&)hwas added bromine (1.16 mL,
0.02 mol) in chloroform (15 mL) dropwise. The reantmixture was refluxed for 2
hours and left to cool to room temperature oveodrhThe solid yellow precipitate was
filtered off and washed with cold chloroform (2 @ B1L) to afford off -white crystals of
crude 2,3-dibromosuccinimide (4.09 g, 0.016 molheTcrude succinimide was
dissolved in tetrahydrofuran (50 mL) and triethyiaen (2.4 mL, 0.017 mol) in
tetrahydrofuran (10 mL) was added over 5 minute8 @@. The reaction mixture was
allowed to warm to room temperature and stirredibhours. The solid was filtered off
and washed with tetrahydrofuran (50 mL). Purifieatby flash chromatography (5%
ethyl acetate in petroleum ether) afford#®b as a pale yellow powder (2.14 g, 0.012
mol) in 59% vyield.

dn (500 MHz, CDCY) 7.67 (br s, 1H, 5-H), 6.89 (s, 1H, H-3k (125 MHz, CDC))
173.8 (C=0), 170.5 (C=0), 136.9 (C2), 135.4 (CB);($olid, cnt) 3235 (s), 1709 (s);
MS (Cl+) m/z, (relative intensity): 178 ([M+H], 32), 176 ([M+HRB2), 125 (25), 86
(100); Mass calcd for [§E,0,N"*Br]+H requires 175.9347 Found 175.9349 (Cl+); m.p.
148-151°C; UV (Acetonitrile) €24o = 13800 and,7¢ = 1700 critM ™.
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290. 2Rtert-Butoxycarbonylamino-3-mercapto-propionic acid metlyl ester’

SHE

(o]
1
2 )-k
O.
o 3 H 4 5 s

To a stirring solution of an aqueous buffer (20 &0 mM NaCl, 100 mM NajP O,
pH 8.0) was adde#91 (50 mg, 0.15 mmol) iftN,N-dimethylformamide (2 mL). Tris(2-
carboxyethyl)phosphine (430 mg 1.51 mmol) in aneags buffer (20 mL, 150 mM
NaCl, 100 mM NaHPQ,, pH 8.0) was added to the solution. After 5 misutke
aqueous solution was extracted with ethyl acetate 25 mL), washed with saturated
lithium chloride solution (5 x 25 mL), water (25 mand brine (25 mL) and dried over
MgSQy. The solvent was removed vacuoto afford a colourless oil (34.5 mg, 0.15
mmol) in 98% yield. NMR andp of this oil showed it to be the commercially aahike
290°

511 (500 MHz, CDC}) 5.40 (s, 1H, 3-NH), 4.61 (s, 1H, H-4), 3.78 (i, 34:-6), 3.01-
2.92 (m, 2H, K-7), 1.45 (s, 9H, 3 x K1), 1.39 (t, 1H,J = 8.9, H-8):5¢ (125 MHz,
CDCly) 170.49 (C=0), 154.76 (C=0), 79.91 (C2), 54.51)(G2.33 (C6), 27.94 (3 X
C1), 26.97 (C7)%up: -23.6 (c = 1.0, Methanol). Authentic sampl&p: -23.4 (c =
1.0, Methanol).

291. 2Rtert-Butoxycarbonylamino-3-(2,5-dioxo-2,5-dihydro-1H-pyrol-3-
ylsulfanyl)-propionic acid methyl ester

9
10 11

NH
8 12
S
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1 )J\ o)
2
(0]
5
\/~<o 3 N 2 \ i
H
(6]

To a stirring solution o290(36 mg, 0.15 mmol) and sodium acetate (13 mg, 0.15
mmol) in methanol (3 mL) was add@89 (30 mg, 0.17 mmol) in methanol (3 mL).
After 1 minute solvent was removeaad vacuo Purification by flash chromatography
(gradient elution in 50% ethyl acetate in petroleether to ethyl acetate) afforded a

pale yellow powdeR91 (51 mg, 0.15 mmol) in 100% yield.
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dn (500 MHz, CDCY) 7.63 (s, 1H, 11-H), 6.27 (s, 1H, 9-H), 5.40 (#4,D = 6.8, 3-
NH), 4.67 (ddd, 1HJ) = 6.8, 5.4 and 5.1, H-4), 3.80 (s, 3H;-6), 3.48 (dd, 1HJ) = 13.8
and 5.1 HH-7), 3.62 (dd, 1HJ = 14.1 and 5.4, H-7) 1.45 (s, 9H, 3 x K1); 5c (125
MHz, CDCk) 170.2 (C=0), 168.9 (C=0), 167.6 (C=0), 155.2 (¢=155.9 (C8), 119.7
(C9), 81.1 (C2), 53.3 (C6), 52.7 (C4), 34.0 (CB,32(3 x C1); IR (solid, ci) 3236
(w), 1715 (s); MS (Cl+)m/z,(relative intensity): 331 ([M+H], 5), 275 (20), 23100);
Mass calcd for [@H180sN2S]+H requires 331.0964 Found 331.0968 (CfHp: -41.9
(c = 1.0, Methanol); Elemental analysis: Calc fagHzsOsN,S: C: 47.26, H: 5.49, N:

8.48 Found: C: 46.81, H: 5.56, N: 8.15. m.p. 143-3@; UV (Acetonitrile) €545 =
14200 andkszg = 8600 critM ™.

292. 2Rtert-Butoxycarbonylamino-3-(2,5-dioxo-pyrrolidin-3S-ylaulfanyl)-
propionic acid methyl ester and 2Rtert-butoxycarbonylamino-3-(2,5-dioxo-

pyrrolidin-3R-ylsulfanyl)-propionic acid methyl ester

(0] (0]

1 )J\ 01 )J\ (@]
2 2
o o
5 5
R \5 o7 PNt \e
H H

To a stirring solution of 2$ert-butoxycarbonylamino-3-mercapto-propionic acid
methyl ester \-Boc-Cys-OMe] (36 mg, 0.15 mmol) in methanol (3 mkas added
maleimide (17 mg, 0.17 mmol) in methanol (3 mL)tekf1l minute the solvent was
removed in vacuo Purification by flash chromatography (gradientten in 1%
methanol in dichloromethane to 30% methanol in Ididmethane) afforde@92 as a
colourless oil (51 mg, 0.15 mmol) in 100% vyield,1dl mix of two inseparable

diastereomers.

84 (500 MHz, CDCY) 9.00 (s, 1H, 11-H), 8.95 (s, 1H, 11-H), 5.59 (IH,) = 7.6, 3-
NH), 5.41 (d, 1H,) = 7.6, 3-NH), 4.65-4.56 (m, 2H, 2 x H-4), 3.93 (dti,J = 4.3 and
3.9, H-8), 3.86 (dd , 1H] = 9.2 and 4.2, H-8), 3.76 (s, 3HzH), 3.76 (s, 3H, k6),
3.51 (dd, 1H, = 13.8 and 6.6HHC), 3.36 (dd, 1H)J = 14.1 and 6.0HHC), 3.19-3.11
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(m, 3H, 2 x CHH and GHH), 2.96 (dd, 1HJ = 7.1 and 13.1, BH), 2.54-2.02 (m, 2H, 2
X CHH) 1.43 (s, 18H, 6 x K1); 6c (125 MHz, CDC}) 177.2 (C=0), 177.1 (C=0),
175.1 (C=0), 175.0 (C=0), 172.0 (C=0), 171.5 (C=05.5 (C=0), 155.3 (C=0),
80.6 (2 x C2), 53.6 (CH), 52.91 (C6), 52.85 (C6),8(CH), 40.6 (CH), 40.0 (CH),
37.3 (CH), 37.0 (CH), 34.6 (CH), 34.1 (CH), 28.3 (6 x CH); IR (oil, cmi*) 3233 (w),
2980 (w), 1783 (w), 1709 (s); MS (Cl#)/z,(relative intensity): 333 ([M+H], 15), 277
(50), 233 (100); Exact mass calcd for1§d,00sN.S]+ requires 332.1042 Found
332.1048 (Cl+).

293. 3-(4-Bromo-2,5-dioxo-2,5-dihydro-1H-pyrrol-3-ysulfanyl)-2R-tert-

butoxycarbonylamino-propionic acid methyl ester
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To 2,3-dibromomaleimide (200 mg, 0.78 mmol) andiswed acetate (32 mg, 0.39
mmol) in methanol (30 mL) was addédtBoc-Cys-OMe (92 mg, 0.39 mmol) in

methanol (30 mL) dropwise over 1 hour with vigoratisring. After 5 minutes solvent
was removedn vacuo Purification by flash chromatography (gradienitiein in 10%
ethyl acetate in petroleum ether to 30% ethyl aeetapetroleum ether) afford&93 as
a yellow waxy oil (140 mg, 0.34 mmol) in 87% yield.

811 (500 MHz, CDC}) 8.32 (s, 1H, 5-H), 5.36 (d, 1H,= 7.6, 8-NH), 4.70-4.66 (m, 1H,
H-9), 3.95 (dd, 1H,) = 14.2 and 4.5, H-12), 3.77 (s, 3H, K11), 3.68 (dd, 1HJ =
13.8 and 6.6HH-12), 1.42 (s, 9H, 3 X 446); o¢ (125 MHz, CDC}) 170.23 (C=0),
165.41 (C=0), 163.18 (C=0), 154.72 (C=0), 142.68)(C120.37 (C2), 80.50 (C7),
53.11 (C9), 52.66 (C11), 32.81 (C12), 27.92 (3 % @8 (oil, cni®) 2979 (m), 1732 (s);
No mass ion found;)V (Acetonitrile) €24, = 12300 andzs7 = 6600 critM ™,
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294. 2Rtert-Butoxycarbonylamino-3-[4-(2Rtert-butoxycarbonylamino-2-
methoxycarbonyl-ethylsulfanyl)-2,5-dioxo-2,5-dihydo-1H-pyrrol-3-ylsulfanyl]-

propionic acid methyl ester

H
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To 2,3-dibromomaleimide (50 mg, 0.19 mmol) in agqueduffer (100 mM sodium
phosphate, 150 mM NaCl, pH 8.0):DMF, 95:5 (54 migsvaddedN-Boc-Cys-OMe (91

mg, 0.38 mmol). The reaction was stirred untilthlt cysteine was dispersed by the

e do

solvent and after a further 5 minutes the aqueeastion mixture was extracted with
ethyl acetate (3 x 25 mL) and the combined orgdayers washed with saturated
lithium chloride solution (ag.) (5 x 25 mL), waté&5 mL) and brine (25 mL), dried
over MgSQ, filtered and the solvent was removad vacuo Purification by flash

chromatography (gradient elution 20% ethyl acetafgetroleum ether to ethyl acetate)
afforded 294 as a bright yellow sticky foam (108 mg, 0.19 mmiol) 100% vyield.

Carrying out this reaction in methanol afforded 4¥®of 294, with the same data

observed.

Su (500 MHz, CDC}) 8.10 (s, 1H, H-5), 5.81 (d, 2H,= 7.4, 2 x 8-NH), 4.69-4.66 (m,
2H, 2 x H-9), 3.81-3.75 (m, 2H, 2 xHH12), 3.76 (s, 6H, 2 x #11), 3.69 (dd, 2HJ =
14.3 and 5.2, 2 ¥IH-12), 1.42 (18H, s, 6 X 46); 5c (125 MHz, CDC}) 170.88 (2 x
C=0), 166.02 (2 x C=0), 155.12 (2 x C=0), 137.08 é@©d C3), 81.31 (2 x C7), 53.89
(2 x C9), 52.89 (2 x C11), 33.83 (2 x C12), 28.8K(C6); IR (film, cnit) 3371 (w),
2978 (w), 1724 (s); MS (ESHVz (relative intensity): 562 ([M-H], 100); Exact Mass
Calcd for [G2H33N3010S;]-H requiresm/z562.1529 Found 562.1532 (ES-); m.p. 75-77
°C; UV (Acetonitrile)€,10 = 17400 €253 = 4200 andizgs = 3000 cnitM ™.
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295. 3-Propylamino-pyrrole-2,5-dione

To propylamine (75uL, 1.09 mmol) and sodium acetate (92 mg, 1.12 mniol)
methanol (15 mL) was add@®89 (200 mg, 1.12 mmol) dropwise in methanol (15 mL).
After 10 minutes, solvent was removed vacuo and purification by flash
chromatography (10% ethyl acetate in petroleumrgtféorded295 as a bright yellow
waxy solid (82 mg, 0.53 mmol) in 49% yield

84 (500 MHz, CDC}) 7.36 (s, 1H, 6-NH), 5.45 (br s, 1H, 3-NH), 4.80 {H, H-5), 3.14
(td, 2H,J = 7.2 and 6.2, KH3), 1.71-1.63 (m, 2H, H2), 0.99 (t, 3H,J = 7.4, H-1); 8¢
(125 MHz, CDC}) 172.31 (C=0), 167.73 (C=0), 149.83 (C4), 85.29)(@6.16 (C3),
21.91 (C2), 11.42 (C1); IR (solid, €n3190 (m), 2962 (m), 1693 (m), 1627 (s); MS
(El) m/z (relative intensity): 154 (M+, 60), 125 (98), 840@; Exact Mass Calcd for [C-
7H1oNLOo]+ requires m/z 154.0737 Found 154.0734 (El); m.p. 108-148; UV

(Acetonitrile) €240 = 7400 andzag = 5700 critM ™.

305a. 2R +ert - Butoxycarbonylamino — 3 - [4R - (2R —tert- butoxycarbonylamino-
2-methoxycarbonyl - ethylsulfanyl) - 2,5 - dioxo-pgrolidin-3R-ylsulfanyl]-
propionic acid methyl ester and 305b. 2Rert-butoxycarbonylamino-3-[4S-(2R-
tert-butoxycarbonylamino - 2 — methoxycarbonyl - ethylslfanyl) - 2,5 — dioxo —
pyrrolidin - 3S - ylsulfanyl] - propionic acid methyl ester
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308. 2R —tert — Butoxycarbonylamino — 3 - (2R -tert — butoxycarbonylamino — 2 -

methoxycarbonyl-ethyldisulfanyl)-propionic acid mehyl ester

Method 1: To a stirred solution a289 (50 mg, 0.28 mmol) in aqueous buffer (100 mM
sodium phosphate, 150 mM NaCl, pH 8.0):DMF, 95:2%9mL) was added\-Boc-
Cys-OMe (660 mg, 2.81 mmol) in DMF (0.25 mL). Aftér minutes the aqueous
reaction mixture was extracted with ethyl acet&te 25 mL). The combined organic
layers were washed with saturated lithium chlosdkition (ag.) (5 x 25 mL), water (25
mL) and brine (25 mL), dried over Mg@Jiltered and the solvent was removied
vacua Purification by flash chromatography (gradienttiein in 10 ethyl acetate in
petroleum ether to 40% ethyl acetate in petroletimerg afforded305 as a yellow oil
(150 mg, 0.27 mmol) in 94% vyield as an insepardble mix of two symmetrical
diastereomers. Small peaks seen in ‘tHeNMR are tentatively assigned as tbis

diastereomers.

Method 2: To 2,3-dibromomaleimide (100 mg, 0.56 mmol) in amusebuffer (100 mM
sodium phosphate, 150 mM NacCl, pH 8.0):DMF, 958 i) was addedN-Boc-Cys-
OMe (1.32 g, 5.6 mmol) in DMF (20 mL). After 5 miies the agueous reaction mixture
was extracted with ethyl acetate (3 x 25 mL) areldbmbined organic layers washed
with saturated lithium chloride solution (aq.) (2% mL), water (25 mL) and brine (25
mL), dried over MgSQ filtered and the solvent was removadvacuo Purification by
flash chromatography (gradient elution in 10% etigétate in petroleum ether to 40%
ethyl acetate in petroleum ether) afford@@b as a yellow waxy oil (238 mg, 0.42
mmol) in 93% yield as an inseparable 1:1 mix of wyonmetrical diastereomers (data
matched that obtained above 805, and308 as a thick colourless oil (49 mg, 0.10
mmol) in 4% vyield.
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305.84 (400 MHz, CDC}) 8.66 (s, 1H, 10-H), 8.62 (s, 1H, 10-H), 5.62ZH#, J = 8.4,

2 x 3-NH), 5.51 (d, 2HJ = 8.0, 2 x 3-NH), 4.72-4.58 (m, 4 x H-4), 3.8068!, 2 x H-

6), 3.79 (s, 6H, 2 x §6), 3.68 (s, 2H, 2 x H-8), 3.64 (s, 2H, 2 x H-B}%6 (dd, 2HJ =
14.0 and 4.8, 2 KH-7,), 3.37 (dd, 2H,J = 14.0 and 6.0, 2 KIH-7), 3.21 (dd, 2H,J =
14.0 and 4.8, 2 x H-7), 3.11 (dd, 2H,) = 14.0 and 6.4, 2 x H-7,), 1.463 (s, 18H, 6 x
Hs-1), 1.45 (s, 18H, 6 x #1), ;-signals shown as part of the same,® HMQC data,
p-Signals shown as part of the same,®y HMQC data, they do not refer to structures
305aand305k; 6¢ (125 MHz, CDCY) 174.32 (4 x C=0), 171.25 (4 x C=0), 155.33 (4 x
C=0), 80.61 (2 x C2), 80.58 (2 x C2), 53.51 (2 ¥,(&B.18 (2 x C4), 52.91 (2 x C6),
52.90 (2 x C6), 48.45 (2 x C8), 47.89 (2 x C8),684(2 x C7), 34.59 (2 x C7), 28.37 (6
x C1), 28.36 (6 x C1); IR (oil) 3348, 2978, 1719tnvS (EI) m/z (relative intensity):
566 ([M+H], 20), 564 ([M-H], 100); Exact mass calfmt [Cx2H3sN3010S;]-H requires
564.1669 Found 564.1686;

308. 84 (500 MHz, CDC}) 5.38 (d, 2H, 2 x NH), 4.61-4.57 (m, 2H, 2 x H-8)75 (s,
6H, 2 x H-6), 3.01-2.93 (br m, 4H, 2 x4¥), 1.44 (s, 18H, 6 x #1); 6c (125 MHz,
CDCl3) 171.26 (2 x C=0), 155.13 (2 x C=0), 80.37 (2 ¥,(&2.86 (2 x C4), 52.71 (2 x
C6), 41.35 (2 x C7), 28.36 (6 x C1); IR (solid, tn8363 (w), 2978 (w), 1696 (s); MS
(Cl+) m/z (relative intensity): 469 ([M+H], 100), 313 (60)x&ct Mass Calcd for [C-
18H32N208S;]+H requiresm/z469.1678 Found 469.1684 (Cl+).

325. 1,4-Dithia-7-aza-spiro[4.4]nonane-6,8-dione

NH 7

To 289(30 mg, 0.17 mmol) and sodium acetate (14 mg, didl) in methanol (6 mL)
was added 1,2-ethanedithiol (1, 0.17 mmol). After five minutes the solvent was
removedin vacuo and purification by flash chromatography (10% éthgetate in
petroleum ether) afforde@25 as a pale yellow powder (13 mg, 0.07 mmol) in 41%

yield.
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dn (500 MHz, CDC}) 8.39 (s, 1H, 7-H), 3.75-3.69 (m, 2HH-R and HH-3), 3.60-3.53
(m, 2H, HH-2 andHH-3), 3.30 (s, 2H, K9); 6c (125 MHz, CDC}) 177.93 (C=0),
172.76 (C=0), 61.23 (C5), 43.12 (C9), 41.05 (C2 &3; IR (solid, crit) 3290 (m),
1703 (m), 1629 (s); MS (ESHVz (relative intensity): 188 ([M-H], 100); Exact Mass
Calcd for [GH/NO,S;]-H requiresm/z187.9840 Found 187.9839 (ES-); m.p. 112-115
°C.

326. 2tert-Butoxycarbonylamino-acrylic acid methyl ester
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To a stirring solution oN-Boc-Cys-OMe (36 mg, 0.15 mmol) in methanol (3 migs
added289 (30 mg, 0.17 mmol) in methanol (3 mL). Potassiwarbonate (71 mg, 0.51
mmol) was added after 1 minute and the solution edliately turned bright yellow.
Over two hours the solution turned dark orangeytath time the reaction mixture was
diluted with diethyl ether (25 mL). The cloudy yeM dispersion was washed with
water, and the aqueous layer extracted with dietttykr (3 x 50 mL). The combined
organic extracts were washed with brine (150 mlg dned over MgS@ The solvent
was removedn vacuoto afford 326 as a colourless oil (29 mg, 0.14 mmol) in 93%

yield.

dn (500 MHz, CDC}) 7.00 (s, 1H, 3-NH), 6.15 (br s, 1HHH7), 5.72 (s, 1HHH-7),
3.82 (s, 3H, B6), 1.48 (s, 9H, 3 x H1); 3¢ (125 MHz, CDC}) 164.6 (C=0), 152.6
(C=0), 131.4 (C4), 105.3 (C7), 80.8 (C2), 52.9 (C®.3 (3 x C1); IR (oil, cM) 3423
(w), 2979 (w), 1717 (w); MS (Eln/z,(relative intensity): 201 (M+, 23), 174 (40), 145
(100); Exact mass calcd for {81504N]+ requires 201.0996 Found 201.0991 (EI).

329. 2R-AcetylaminoN-benzyl-3-mercapto-propionamide
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To 2S-acetylamino-3-mercapto-propionic acid (50Q 81§67 mmol) in dichloromethane
(25 mL) and DMF (3 mL) at 6C, was added HOBt (456 mg, 3.38 mmol), benzylamine
(0.50 mL, 4.60 mmol) and finally EDC (0.65 g, 3.88nol). The reaction was brought
to room temperature and stirred for 16 hours. Tdleesit was removeth vacuoand
purification by flash chromatography (gradient mlnt in dichloromethane to 3%
methanol in dichloromethane) afford8@9 as a white solid (434 mg, 1.72 mmol) in
56% yield.

dn (500 MHz, MeQOD) 7.29-7.23 (m, 5H, 5 x Ar-H), 4.4&J( 1H,J = 7.1 and 5.8, H-3),
4.39 (s, 2H, B5), 2.87 (dd, 1HJ = 13.9 and 5.9HH-10), 2.79 (dd, 1HJ = 13.9 and
7.1, HH-10), 2.01 (s, 3H, KH1); 8¢ (125 MHz, MeOD) 173.48 (C=0), 172.36 (C=0),
139.70 (C6), 129.49 (2 x Ar-H), 128.47 (2 x Ar-H}28.19 (C9), 57.32 (C3), 44.11
(C5), 26.83 (C10), 22.46 (C1); IR (oil, €N 3284 (m), 1630 (w); MS (Cl+jnz
(relative intensity): 253 ([M+H], 12), 211 (15), 8420), 108 (100); Exact Mass Calcd
for [C1o2H1eNO,S]+H requiresn/z253.1011 Found 253.1017 (Cl+); m.p. 164 — 166

330. 2R-AcetylaminoN-benzyl-3-(2,5-dioxo-2,5-dihydro-1H-pyrrol-3-ylsulianyl)-

propionamide
O
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T0329(1.00 g, 4.00 mmol) in methanol (42 mL), was ada@8(0.78 g, 4.37 mmol) in
methanol (42 mL) dropwise over 5 minutes. Aftermidutes, the solvent was removed
in vacuo and purification by flash chromatography (10% éthgetate in petroleum

ether) afforded330 as an off-white solid (429 mg, 1.2 mmol) in 30% l¢ieand
unreacted®89 (700 mg, 2.8 mmol) in 70%. Data matched that galeove.

Sn (500 MHz, MeOD) 7.32-7.20 (m, 5H, 5 x Ar-H), 6.4§ (H, H-12), 4.71 (t, 1H] =

7.3, H-3), 4.38 (d, 2HJ = 2.7, H-5), 3.40 (dd, 1HJ = 13.6 and 7.0, H-10), 3.25 (dd,
1H,J = 13.6 and 7.0HH-10), 1.99 (s, 3H, k1); 8¢ (125 MHz, MeOD) 173.51 (C=0),
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172.22 (C=0), 171.44 (C=0), 170.51 (C=0), 151.581(C 139.48 (C6), 129.54 (2 x
Ar-H), 128.51 (2 x Ar-H), 128.26 (C9), 121.01 (C123.04 (C3), 44.25 (Cb5), 33.72
(C10), 22.42 (C1); IR (film, cif) 3187 (w), 1717 (s), 1646 (s); MS (ESw)z (relative
intensity): 370 ([M+Na], 20), 337 (50), 325 (90)B(100); Exact Mass Calcd for [C-
16H17N304S]+Na requires m/z 370.0873 Found 370.0852 (ES+); White solid
decomposes above 180; UV (Acetonitrile)€,13 = 19400,8247 = 4800 ancsz7 = 2700

cmiM,

334. 2S-[3-(Acetylamino-methylsulfanyl)-2Rert-butoxycarbonylamino-
propionylamino]-propionic acid methyl ester
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To 2Stert-butoxycarbonylamino-3-mercapto-propionic acid (50@, 1.71 mmol) in
dichloromethane (25 mL) and,N-dimethylformamide (3 mL) at 6C, was added
hydroxybenzotriazole (HOBt) (254 mg, 1.88 mmdl)methylmorpholine (NMM) (206
uL, 1.88 mmol), 2S-amino-propionic acid methyl estgdrochloride salt (358 mg, 2.56
mmol), and finally 1-ethyl-3-(3-dimethylaminopropgarbodiimide (EDC) (361 mg,
1.88 mmol). The reaction was brought to room tempee and stirred for 16 hours.

&

o Iltnn

The solvent was removed vacuoand purification by flash chromatography (gradient
elution in dichloromethane to 3% methanol in dicbioethane) afforde®34 as a

colourless thick oil (478 mg, 1.27 mmol) in 74%lgie

81 (500 MHz, CDC}) 7.21 (d, 1H,) = 6.0, 11-NH), 6.94 (s, 1H, NH), 5.57 (s, 1H, NH),
4.69 (dd, 1H,) = 13.0 and 6.0HH-11), 4.54 (t, 1H,) = 7.4, H-4), 4.46 (g, 1H] = 6.9,
H-6), 4.26 (d, 1HJ = 13.0, HH-11), 3.73 (s, 3H, K8), 2.93 (dd, 1H,) = 14.7 and 7.5,
HH-10), 2.77 (dd, 1HJ = 14.5 and 7.5, H-10), 2.06 (s, 3H, k13), 1.46 (s, 9H, 3 x
Ha-1), 1.44 (d, 3H,J = 6.9, H-9); 8¢ (125 MHz, CDC4) 173.12 (C=0), 171.10 (C=0),
170.73 (C=0), 156.04 (C=0), 80.34 (C2), 53.51 (GB.50 (C8), 48.26 (C6), 40.73
(C11), 34.29 (C10), 28.37 (3 x C1), 23.25 (C13)847(C9); IR (oil, crit) 3287 (m),
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2978 (w), 1744 (m), 1657 (s); MS (ESH)z (relative intensity): 400 ([M+Na], 70), 300
(100); Exact Mass Calcd for [€H,7/N30sS]+Na requiresn/z400.1518 Found 400.1503
(ESH).

335. 2S-[3-(Acetylamino-methylsulfanyl)-2R-amino-popionylamino]-propionic

acid methyl ester trifluoracetic acid salt
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To 334 (150 mg, 0.40 mmol) in dichloromethane (10 mL) &at°’C was added
trifluoroacetic acid (10 mL) over 2 minutes at’© with stirring. After 30 minutes
solvent was removeth vacuoto afford 335 as a thick pale yellow oil (156 mg, 0.40
mmol) in 100% yield.

dn (500 MHz, MeOD) 4.61 (d, 1H] = 13.9, HH-8) 4.47 (q, 1H)J) = 7.4, H-3), 4.23 (dd,
1H,J =9.5 and 3.9, H-1), 4.19 (d, 18,= 14.0,HH-8), 3.71 (s, 3H, k5), 3.18 (dd,
1H,J = 15.1 and 3.9, H-7), 2.86 (dd, 1HJ = 15.1 and 9.53H-7), 2.01 (s, 3H, kt10),
1.42 (d, 3HJ = 7.4, H-6); 8¢ (125 MHz, MeOD) 174.29 (C=0), 174.17 (C=0), 168.92
(C=0), 158.95 (gJ = 43, TFA, C=0), 118.29 (d,= 284, CE), 53.45 (C3), 52.94 (C5),
49.62 (C1), 40.97 (C8), 32.71 (C7), 22.73 (C10)3I7ACS6); IR (oil, crt) 3372 (m),
2491 (w), 1664 (s); Mass ion not found.
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332. 2S-[3-(Acetylamino-methylsulfanyl)-2R-(2Sert-butoxycarbonylamino-

propionylamino)-propionylamino]-propionic acid methyl ester

\_)i\o/ °

336. 25-[3-(Acetylamino-methylsulfanyl)-2R-(2Rert-butoxycarbonylamino-
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propionylamino)-propionylamino]-propionic acid methyl ester
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To 2+tert-butoxycarbonylamino-propionic acid (0.66 g, 3.5at) in dichloromethane
(60 mL) and DMF (3 mL) at 6C, was added HOBt (473 mg, 3.50 mmol), NMM (385
pL, 3.50 mmol),335 (1.25 g, 3.20 mmol) and finally EDC (0.67 g, 3/®Mol). The

reaction was brought to room temperature and dtifoe 16 hours. The solvent was

©

S inn

N

removed in vacuo and purification by flash chromatography (gradieshtition in
dichloromethane to 3% methanol in dichloromethaifyrded336 as a thick colourless
oil (416 mg, 0.93 mmol) in 29% vyield ar882 as a thick colourless oil (0.85 g, 1.89

mmol) in 59%.

332.5y (500 MHz, MeOD) 4.79-4.24 (m, 1H, H-6), 4.45 (d,,TH: 13.8, HH-14), 4.39
(g, 1H,J = 7.2, CH), 4.20 (d, 1H = 13.9, HH-14), 4.10-4.06 (m, 1H, CH), 3.70 (s, 3H,
Hs-10), 3.04 (dd, 1H) = 14.2 and 4.7HH-13), 2.81 (dd, 1HJ = 14.0 and 9.1, H-13),
1.98 (s, 3H, B16), 1.43 (s, 9H, 3 x #41), 1.39 (d, 3HJ = 7.3, CH), 1.32 (d, 3H,J =

7.2, CH): 3¢ (125 MHz, MeOD) 173.31 (C=0), 173.10 (C=0), 172(620), 171.08
(C=0), 170.05 (C=0), 80.45 (C2), 52.54 (C10), 53@Hl), 50.64 (CH), 48.43 (CH)
40.99 (C14), 33.41 (C13), 28.37 (3 x C1), 23.37 {CH8.35 (CH), 17.74 (CH); IR

319



(oil, cm™) 3287 (m), 2980 (w), 1743 (m), 1647 (s); MS (E8¥J (relative intensity):
471 ([M+23], 55), 415 (45), 371 (100); Exact Masddd for [GgH32N40;S]+Na
requiresm/z471.1902 Found 471.1889 (ES+).

336.5y (500 MHz, MeOD) 4.79-4.25 (m, 1H, H-6), 4.57 (d,,1H 13.9, HH-14), 4.42
(g, 1H,J=7.4, H-8), 4.17 (d, 1Hl = 14.1, HH-14), 4.10-4.05 (m, 1H, H-4), 3.71 (s,
3H, H;-10), 3.09 (dd, 1HJ) = 14.6 and 4.1KH-13), 2.81 (dd, 1HJ) = 14.6 and 10.4,
HH-13), 2.00 (s, 3H, K16), 1.43 (s, 9H, 3 x #41), 1.41 (d, 3HJ) = 7.3, H-11), 1.34

(d, 3H,J =7.3, H-12); 8¢ (125 MHz, MeOD) 176.81 (C=0), 174.42 (C=0), 173.90
(C=0), 171.24 (C=0), 159.32 (C=0), 80.42 (C2), 34CH), 52.82 (CH), 50.39 (CH),
49.53 (C10) 41.11 (C14), 33.15 (C13), 28.71 (3 ¥, @2.71 (CH), 17.92 (CH), 17.35
(CHs); IR (oil, cmi?) 3288 (w), 2983 (w), 1719 (s), 1675 (s); MS (ES¥J (relative
intensity): 471 ([M+23], 10), 456 (95), 396 (10&xact Mass Calcd for [C-
18H32N4O;S]+Na requiresn/z471.1902 Found 471.1899 (ES+).

340a. (9R, 10R) — 4S, 5S-Di[2Rxt-butoxycarbonylamino-3-sulfanyl-propionic
acid methyl ester]-2,7-diaza-bicyclo [3.5.0%]decantetra-1,3,6,8-one and 340b. (9S,
10S) - 4R, 5R-di[2Rtert-butoxycarbonylamino-3-sulfanyl-propionic acid mettyl
ester]-2,7-diaza-bicyclo [3.5.03|decantetra-1,3,6,8-one. Stereochemistry and
regiochemistry defined with analogy to 351.
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291 (39 mg, 0.117 mmol) was dissolved in acetonitf@® mL). The resulting solution
was degassed for 30 minutes and irradiated in pgtagsware for 5 minutes with
stirring. The solvent was removad vacuoto afford a mixture o840aand340b as a
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yellow solid (39 mg, 0.117 mmol) in 100% yield. NMRvestigations showed the
mixture was a 1:1 ratio &40a340h

81 (600 MHz, CDCH) 5.49 (s, 2H, 2 x 8-NH), 5.48 (s, 2H, 2 x 8-NH)54+4.52 (m, 2H,
2 x H-9), 4.50-4.47 (m, 2H, 2 x H-9), 3.78 (s, 6Hx Hs-11), 3.76 (s, 6H, 2 x #11),
3.66-3.59 (m, 2H, 2 x H-12), 3.42-3.39 (m, 2H, 2 KH-12), 3.35-3.32 (m, 2H, 2 X
HH-12), 3.21 (s, 4H, 4 x H-5), 3.16-3.11 (m, 2H, 2 W-H2), 1.43 (s, 36H, 12 x 4b);

8¢ (150 MHz, CDC}) 173.17 (2 x C=0), 173.11 (2 x C=0), 172.85 (2=, 172.76
(2 x C=0), 171.11 (2 x C=0), 171.18 (2 x C=0), BH(2 x C=0), 155.49 (2 x C=0),
80.82 (4 x C7), 55.83 (4 x C4), 53.11 (4 x C11),82 (4 x C9), 45.57 (4 x CH), 33.34
(2 x C12), 33.22 (2 x C12), 28.40 (12 x C6); IRnffi cm™) 3171 (w), 2980 (w), 1721
(s); MS (ES+)nVz (relative intensity): 683 ([M+Na], 95), 505 (10@xact Mass Calcd
for [CaeH3sN4012S]+Na requiresm/z 683.1669 Found 683.1666 (ES+). m.p. 144-146
°C:

342. 3-Hexylsulfanyl-pyrrole-2,5-dione

To 289(300 mg, 1.69 mmol) and sodium acetate (138 n@&§ damol) in methanol (100
mL) was added hexanethiol (23, 1.69 mmol). After 5 minutes the solvent was
removedin vacuo and purification by flash chromatography (10% éethgetate in

petroleum ether) affordeg42 as a cream powder (362 mg, 1.69 mmol) in 100%yiel

8y (500 MHz, CDC}) 7.35 (s, 1H, NH), 6.04 (s, 1H,-8), 2.91 (t, 2HJ = 7.4, H-6),
1.78-1.72 (m, 2H, K5), 1.48-1.42 (m, 2H, Chi, 1.33-1.30 (m, 4H, 2 x CHi 0.90 (t,
3H,J = 6.9, K-1); 3¢ (125 MHz, CDC}) 169.06 (C=0), 167.69 (C=0), 152.74 (C7),
118.24 (C8), 32.06 (C6), 31.26 (©H28.58 (CH), 27.70 (CH), 22.52 (CH), 14.03
(C1); IR (solid, crit) 3200 (m), 2918 (m), 1703 (s); MS (ESA)z (relative intensity):
212 ([M-H], 100); Exact Mass Calcd for {§11sNO,S]-H requiresm/z212.0745 Found
212.0753 (ES-); Elemental analysis: Calc fagHzsNO,S: C: 56.31, H: 7.09, N: 6.57
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Found: C: 55.96, H: 7.02, N: 6.56; m.p. 99-01 UV (Acetonitrile)&,47 = 12000 and
€347 = 9500 critM ™.

343b. (4RS, b5RS, 9SR, 10SR) - 4, 5-DihexysulfanyFaliaza-bicyclo
[3.5.0.0"%|decantetra-1,3,6,8-one. Stereochemistry and regioemistry defined with
analogy to 346

342 (25 mg, 0. 116 mmol) was dissolved in acetoni{{@® mL). The resulting solution
was degassed for 30 minutes and irradiated in pgtagsware for 5 minutes with
stirring. The solvent was removéad vacuoto afford343 as an off-white solid (53 mg,
0.25 mmol) in 100% vyield.

dn (500 MHz, CDCY) 3.14-3.09 (m, 4H, 2 x H-10 and 2 »x+#b), 2.84 (dt, 2HJ = 11.0
and 7.6, 2 3HH-6), 1.56-1.50 (m, 4H, 2 x#B), 1.38-1.33 (m, 4H, 2 x+4), 1.31-1.25
(m, 8H, 2 x BH-3 and 2 x K-2), 0.87 (t, 6HJ = 7.0, 2 x H-1); 6c (125 MHz, CDC})

173.37 (2 x C=0), 172.82 (2 x C=0), 56.26 (2 x @H.66 (2 x C10), 31.36 (2 x GH

31.16 (2 x H-6), 28.64 (2 x Ch), 28.53 (2 x CH), 22.51 (2 x CH)), 14.07 (2 x C1); IR
(solid, cm®) 3194 (m), 2933 (m), 1719 (s); MS (E®n)z (relative intensity): 425 ([M-
H], 35), 212 (100); Exact Mass Calcd for§B30N.04S;]-H requiresm/z 425.1584
Found 425.1584 (ES-); m.p. 116-143

345. 3-Hexylsulfanyl-1-methyl-pyrrole-2,5-dione

11

10
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To 289 (100 mg, 0.53 mmol) and sodium acetate trihyd(@t mg, 0.53 mmol) in
methanol (15 mL) was added hexanethiol (iI4 0.58 mmol) in methanol (100 mL)
dropwise over 1 hour with vigorous stirring. Afeminutes the solvent was removad
vacua Purification by flash chromatography (gradienitiein in 10% ethyl acetate in
petroleum ether to 30% ethyl acetate in petroletimarg afforded345as a bright yellow

solid (99 mg, 0.44 mmol) in 83% yield.

dn (600 MHz, CDC}) 6.03 (s, 1H, H-2), 3.01 (s, 3Hg13), 2.89 (t, 2HJ = 7.6, 2H, H-
11), 1.76-1.71 (m, 2H, H10), 1.46-1.41 (m, 2H, $#9), 1.33-1.27 (m, 4H, H7 and B-

8), 0.89 (t, 3H,J = 6.5, K-6); 6c (125 MHz, CDC}) 171.47 (C=0), 169.94 (C=0),
151.84 (C3), 117.27 (C2), 31.92 (C11), 31.31 £§£K8.64 (CH), 27.75 (CH), 24.10
(C5), 24.10 (C7), 14.09 (C6); IR (oil, ¢h 2727 (w), 1708 (s)MS (FAB+) miz
(relative intensity): 250 ([M+Na], 40), 228 (35949.(30), 176 (100); Exact Mass Calcd
for [C11H17NO,S]+Na requiresn/z 250.0878 Found 250.0880 (FAB+); m.p. 62565

UV (Acetonitrile) €264 = 8010 andzgo = 3200 critM ™,

346b. (4RS, 5RS, 9SR, 10SR) - 4, 5-Dihexysulfanytethyl-2,7-diaza-bicyclo
[3.5.0.0%decantetra-1,3,6,8-one. Stereochemistry and regioemistry defined by

analysis of coupling constants, see p. 166.

Weak NOe and
J=31
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342 (12.5 mg, 0.058 mmol) an845 (12.5 mg, 0.058 mmol) were dissolved in
acetonitrile (25 mL). The resulting solution wagjdssed for 30 minutes and irradiated
in pyrex glassware for 5 minutes with stirring. Té@vent was removenh vacuoto

afford an inseparable mixture of dime3d43 and 349, alongside346b. Full spectral
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analysis was not possible due to the complex mextirstructures but in an isolated
area of the spectra, NOeSY aomlpling constant analysis indicated that the siinec

was of the stereochemistry shown, see p.166 fall ddscription.

348. 3-Bromo-1-methyl-pyrrole-2,5-dione

To N-methyl maleimide (0.50 g, 4.5 mmol) in methanol (hQ) was added bromine
(232 L, 4.5 mmol) dropwise in methanol (5 mL). The réactmixture was stirred at
room temperature for 16 hours. The solvent was vexhan vacuoand dissolved in

tetrahydrofuran (20 mL). Triethylamine (81L&, 5.9 mmol) in tetrahydrofuran (5 mL)
was added over 5 minutes, whereupon a precipitaiteeld. The reaction mixture was
stirred for 24 hours. The solid was filtered offdawashed with tetrahydrofuran (50
mL). Purification by flash chromatography (10% étlagetate in petroleum ether)
afforded348as a pale yellow powder (0.56 g, 2.96 mmol) in 66étd.

dn (500 MHz, CDCY}) 6.90 (s, 1H, H-3), 3.09 (s, 3H318); o¢c (125 MHz, CDCY) 168.6
(C=0), 165.4 (C=0), 131.9 (C3), 131.4 (C2), 24.B)AR (solid, cnt') 3106 (s), 1708
(s); MS (Cl+)m/z,(relative intensity): 192 ([M+H], 99), 190(|[M+H],dD); Exact mass
calcd for [GH4O,N"Br]+H requires 189.9504 Found 189.9505 (Cl+); n¥p:79°C;
UV (Acetonitrile) €209 = 17100 €235 = 13200 andzge = 210 cmM ™.
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349. (4RS, 5RS, 9SR, 10SR) - 4, 5-DihexysulfanyF2limethyl-2,7-diaza-bicyclo
[3.5.0.0"%|decantetra-1,3,6,8-one. Stereochemistry and regioemistry defined with
analogy to 346

345 (25 mg, 0.11 mmol) was dissolved in acetonitr#® (mL). The resulting solution
was degassed for 30 minutes and irradiated in pgtagsware for 5 minutes with
stirring. The solvent was removad vacuoto afford349 as an off white solid (25 mg,
0.11 mmol) in 100% vyield.

dn (500 MHz, CDC}) 3.15 (dt, 2HJ =11.0 and 7.3, 2 X H-6), 3.11 (s, 6H, 2 x §11),
2.97 (s, 2H, 2 x H-10), 2.84 (dt, 2B= 11.0 and 7.5, 2 KH-6), 1.53-1.47 (m, 4H, 2 x
H»-5), 1.37-1.25 (m, 12H, 6 x GH 0.87 (t, 6H,J = 6.7, 2 x H-1); 8¢ (125 MHz,
CDCl3) 173.11 (2 x C=0), 172.87 (2 x C=0), 55.39 (2 X,GA.56 (2 x C11), 31.34 (2
X CHp), 31.16 (2 x CH), 28.66 (2 x CH)), 28.49 (2 x CH), 25.76 (2 x C10), 22.53 (2 x
CH,), 14.05 (2 x C1); IR (oil, cf) 3463 (w), 2970 (m) 1744 (s), 1720 (s); MS (Cl+)
nvz (relative intensity): 455 ([M+H], 50), 228 (10094 (60); Exact Mass Calcd for [C-
2oH34N204S;]+H requiresm/z455.2038 Found 455.2019 (Cl+); m.p. 104-206
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351a. (9R, 10R) — 4S, 5S-Di[2R-acetylamirmg-benzyl-3-sulfanyl-propionamide]-
2,7-diaza - bicyclo [3.5.0.0%decantetra - 1,3,6,8 - one and 351b. (9S, 10S)R, 4R
- di[2R - acetylaminoN-benzyl-3-sulfanyl-propionamide]-2,7-diaza-bicyclo
[3.5.0.0decantetra-1,3,6,8-one

J=34
O m
HoH P
1 =
z 1
5 5
ZHN NH 2
4 4
3 : 3
6 7 % 7 6
S
(@] / ; o)
7 8 le) 175 0 8 7
‘13 13 A
8 9 12 12 8
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16 16 351a
J=34
Q o]
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NH 2

330 (55 mg, 0.16 mmol) was dissolved in acetonitr® (mL). The resulting solution

was degassed for 30 minutes and irradiated in pgtagsware for 5 minutes with
stirring. The solvent was removead vacuoand purification by flash chromatography
(gradient elution in 30% ethyl acetate in petroleather to 10% methanol in ethyl
acetate) afforde@51aand351bas a colourless oil (55 mg, 0.16 mmol) in 100%dyie

NMR investigations showed the mixture was a 1:ibrat351a351h.

84 (600 MHz, CDCY) 7.37-7.23 (m, 16H, 16 x Ar-H), 7.21 (d, 4Bi= 7.1, 4 X H-6),
4.58 (dt, 4H,J = 7.7 and 5.0, 4 x H-13), 4.38-4.36 (m, 8H, 4x19), 3.49 (dd, 2H] =

12.8 and 5.3, 2 x H-17), 3.35 (s, 2H, 2 x H-5), 3.31-3.30 (m, 4H, Bix17) 3.27 (s,
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2H, 2 x H-5), 3.12 (dd, 2H] = 12.8 and 8.7, 2 KIH-17), 1.99 (s, 12H, 4 x $16); d¢c
(150 MHz, CDC}) 175.85 (C=0), 175.74 (C=0), 175.72 (C=0), 173660), 173.45
(C=0), 171.98 (C=0), 171.88 (C=0) 139.57 (4 x CDN9.55 (8 x Ar-H), 128.48 (8 x
Ar-H), 128.20 (4 x Ar-H), 57.50 (2 x C4), 57.40 X2C4), 54.27 (2 x C13), 54.18 (2 x
C13), 47.20 (2 x C5), 47.10 (2 x CH), 44.16 (2 084.14 (2 x C10), 33.86 (2 x C17),
33.70 (2 x C17), 22.56 (4 x C16) One carbon signahissing due to overlap of the
diastereomers; IR (oil, ch) 3437 (w), 1726 (s); MS (FAB+)Vz (relative intensity):
695 ([M+H], 10), 439 (10), 286 (100); Exact Masslddafor [Cz:H34NgOsS;]+H
requiresm/z695.1958 Found 695.1964 (FAB+).

356. 2S-Amino-4-[1R-(carboxymethyl-carbamoyl)-2-(B-dioxo-2,5-dihydro-1H-
pyrrol-3-ylsulfanyl)-ethylcarbamoyl]-butyric acid

NH

s
(0] (0] 10 OH
o)
H 9
1 2 4 7 8
HO 3 NN o
: H
Hy o

To glutathione (47 mg, 0.15 mmol) in methanol (3)mias added®89 (30 mg, 0.15

mmol) in methanol (3 mL). After 5 minutes the solv&vas removeth vacuoto afford

Zlin

356 as a thick colourless oil (77 mg) that was usethout further purification. The
same data was afforded f866 if this reaction was carried out in acetonitrilater
(1:1).

dn (500 MHz, MeOD) 6.47 (s, 1H, H-12), 4.79 (dd, 1Hs 8.2 and 5.7, ¥6), 4.06 (t,
1H,J = 6.5, H-2), 3.95 (s, 2H, #B), 3.49 (dd, 1HJ = 13.9 and 5.8;H-10), 3.29 (dd,
1H,J =13.6 and 8.3, H-10), 2.61 (t, 2H,) = 7.1, H-4), 2.29-2.15 (m, 2H, H3); 6¢c
(125 MHz, MeOD) 174.68 (C=0), 172.81 (C=0), 172(8%0), 171.89 (C=0), 171.62
(C=0), 170.59 (C=0), 151.75 (C11), 120.91 (C12)793C6), 52.76 (C2), 42.01 (C8),
33.92 (C10), 32.42 (C4), 27.03 (C3); IR (oil, 18259 (m), 2928 (m), 1717 (s); MS
(ES-) m/z (relative intensity): 401 ([M-H], 100), 272 (30)x&ct Mass Calcd for [C-
14H18N4OsS]-H requiresam/z401.0767 Found 401.0773 (ES-); UV (Acetonitriégy, =

8100,&,53 = 5600 andz4, = 1900 critM ™,
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357a. (9R, 10R) - 4S, 5S-Di[2S-amino-4-(1R-(carbargthyl-carbamoyl)-2-
sulfanyl-ethylcarbamoyl)-butyric  acid]-2,7-diaza-bicyclo  [3.5.0.8°|decantetra-
1,3,6,8-one and 357b. (9S, 10S) - 4R, 5R-di[2S-ami(1R-(carboxymethyl-
carbamoyl)-2-sulfanyl-ethylcarbamoyl)-butyric acid]-2,7-diaza-bicyclo
[3.5.0.0"%|decantetra-1,3,6,8-one. Stereochemistry and regiochemistry defined
with analogy to 351
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To glutathione (36 mg, 0.12 mmol) in water (12.5)mias adde®89 (21 mg, 0.12
mmol) in acetonitrile (12.5 mL). The solution waggdssed for 30 minutes and

irradiated in pyrex glassware for 5 minutes withristy. The solvent was removed
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vacuoto afford 357 (a mixture of diastereoisomers) as a colourles$1d4 mg). No

further purification was carried out on this compdu

81 (600 MHz, CDC}) 4.83-4.63 (m, 4H, 4 x H-9), 4.14-4.10 (m, 4H, #x1.3), 4.02-
3.95 (m, 8H, 4 x K7), 3.59-3.36 (m, 4H, 4 KH-15), 3.36 (s, 4H, 4 x H-5), 3.29-2.92
(m, 4H, 4 x HH-15), 2.69-2.62 (m, 8H, 4 x#1L1) 2.35-2.15 (m, 8H, 4 x#12); ¢ (150
MHz, CDCk) 175.85 (C=0), 175.71 (C=0), 174.61 (C=0), 174(85-0), 172.44
(C=0), 172.40 (C=0), 171.76 (C=0) 171.71 (C=0), .591(C=0), 57.55 (4 x C4),
54.17 (4 x CH), 49.90 (4 x CH), 47.13 (2 x C5),017(2 x C5), 42.06 (2 x C7), 42.01
(2 x C7), 33.84 (2 x C15), 33.84 (2 x C15), 32.3%(C11), 32.45 (2 x C11), 27.02 (2 x
C12), 26.92 (2 x C12) Two diastereomers are indatathus three carbon signals are
missing due to overlap of the diastereomers; IR ¢mi') 3460 (br), 2959 (m), 1717
(s), 1646 (m); MS (ES-/z (relative intensity): 803 ([M-H], 10), 708 (30), #{90);
Exact Mass Calcd for [£gH36NsO016S;]-H requiresm/z803.1612 Found 803.1634 (ES-).

366. (4RS, 5RS, 9SR, 10SR) - 2-Aza-4-hexylsulfardfaza-tricyclo[3.5.0.07di-1,3-
one and (4RS, 5SR, 9RS, 10SR) - 2-aza-4-hexylsulfaB-aza-tricyclo[3.5.0.0"di-

1,3-one
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342 (25 mg, 0.12 mmol) was dissolved in acetonitr}®.6 mL) and cyclopentene (3
mL, 36 mmol). The resulting solution was degass®d30 minutes and irradiated in
pyrex glassware for 5 minutes with stirring. Thdveat was removedn vacuoand
purification by flash chromatography (gradient Elnt10% ethyl acetate in petroleum
ether to 50% ethyl acetate in petroleum ether)rdéid366 as a thick colourless oil (12
mg, 0.045 mmol) in 78% vyield, a 1:1 mix of two ipseable diastereomers. Overlap of
signals prevented NOe analysis.

&n (500 MHz, CDC4) 3.15-3.07 (m, 2H, H-5and H-1Q), 3.00 (app t, 1HJ = 6.8, H-
55), 2.94 (app dt, 1H] = 6.6 and 3.9, Hy), 2.87-2.82 (m, 2H, H-%and HH-16), 2.64-
2.59 (m, 1H, HH-16), 2.52-2.47 (m, 3H, H-30HH-16 andHH-16), 2.07 (dd, 2HJ =
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6.9 and 6.3, 2 x H-15), 1.96-1.89 (m, 2H, 2 kIH-15) 1.88-1.82 (m, 4H, 2 x A7)
1.64-1.50 (m, 8H, 2 x H6and 2 x H-8), 1.38-1.25 (m, 12H, 2 xHL2, 2 x B-13 and
2 X H-14), 0.89-0.86 (m, 6H, 2 x41), ;-signals shown as part of the same, @iy
HMQC data,,-signals shown as part of the same,@iy HMQC datadoc (125 MHz,
CDCl3) 179.09 (C=0), 177.12 (C=0), 176.93 (C=0), 171(830), 51.31 (C4), 51.33
(C4), 50.68 (C10), 45.32 (C10), 43.26 (C9), 41.0®)( 32.38 (CH), 30.98 (CH),
30.95 (CH), 30.78 (CH), 28.92 (CH), 28.50 (CH), 28.30 (CH), 28.22 (CH), 28.10
(CHy), 28.13 (CH), 25.09 (CH), 22.14 (CH), 22.11 (CH), 13.66 (2 x C11) Two
diastereomers are indicated, thus five carbon Egm@ missing due to overlap of the
diastereomers; IR (oil, ¢ 3120 (w), 2927 (m), 1711 (s), 1627 (s); MS (EB¥}
(relative intensity): 280 ([M-H], 50), 212 (100)x&ct Mass Calcd for [{gH23NO,S]-H
requiresm/z280.1371 Found 280.1382 (ES-).

367. (4RS, 11SR)-4-Hexylsulfanyl-2-aza-tricyclo[5.@.0*undecandi-1,3-one

342 (25 mg, 0.12 mmol) was dissolved in acetonitrdé.5 mL) and cyclohexene (3.5
mL, 36 mmol). The resulting solution was degass®d30 minutes and irradiated in
pyrex glassware for 5 minutes with stirring. Thdveat was removedn vacuoand
purification by flash chromatography (gradient ot in 10% ethyl acetetate in
petroleum ether to 50% ethyl acetate in petroledherg afforded367 as a thick
colourless oil (24 mg, 0.081 mmol) in 68% vyield,camplex unequal mix of 4
inseparable diastereomers. NMR investigations sbawe mixture was approximately
4:1:3:1.5 by NH signals.

o (500 MHz, CDCY) 8.34 (s, 1H, NH), 8.05 (s, 1H, NH), 7.99 (s, NH), 7.92 (s, 1H,

NH), 3.24 (app tt, 1H) = 6.4 and 1.1, CH) 3.18 (d, 1Hd,= 8.7, H-11), 3.12 (app dt,
1H,J = 11.0 and 7.4, CH), 3.09 (d, 18,= 8.5, H11), 2.89-2.81 (m, 3H, multiplet
contains a CH signal by HMQC analysis), 2.74 (dd, 1= 8.2 and 8.4), 2.68-2.47 (m,
8H, contains several differentf7), 2.21 (app td, 1Hl=12.1 and 3.4, CH), 1.97-1.72
(m, 15H, contains several different-#6 and other Cp$) 1.66-1.44 (m, 15H, contains
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several different K15 and other Cp$) 1.44-1.23 (m, 32H, contains several different
H.-13 and H-14 and other C}$), 0.89-0.86 (m, 12H, contains several differesptlB);
d¢c (125 MHz, CDC}) 178.09 (C=0), 177.09 (C=0), 176.71 (C=0), 174T40),
171.91 (C=0), 171.68 (C=0), 59.14 (C4), 55.87 (&B.63 (C4), 53.19 (CH), 50.64
(CH), 50.08 (C11), 49.02 (CH), 45.32 (CH), 41.6H{36.74 (CH), 35.53 (CH), 30.99
(CH), 30.99 (CH), 30.95 (CH), 30.95 (CH), 30.78 (CH), 29.77 (CH), 29.14 (CH),
29.03 (CH), 28.91 (CH), 28.83 (CH), 28.29 (CH), 28.22 (CH), 28.09 (CH), 27.98
(CHy), 27.78 (CH), 25.70 (CH), 25.45 (CH), 25.32 (CH), 22.15 (CH), 22.09 (CH)),
20.48 (CH), 20.20 (CH), 13.67 (4 x C12) Four diastereomers are indicateds
twenty one carbon signals are missing due to opefahe diastereomers: IR (oil, €n
3221 (w), 2929 (m), 1711 (s); MS (Cl#yz (relative intensity): 296 ([M+H], 100), 214
(20); Exact Mass Calcd for [gH2sNO,S]+H requiresm/z 296.1684 Found 296.1678
(Cl+).

368. (4RS, 6RS, 7SR)-2-Aza-4-hexylsulfanyl-6-carbimle-bicyclo[3.2.0]heptan-

1,3-dione
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369. (4RS, 5RS, 7SR)-2-Aza-4-hexylsulfanyl-5-carbimle-bicyclo[3.2.0]heptan-

1,3-dione
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342 (25 mg, 0.12 mmol) was dissolved in acetonitri@.b mL) and acrylonitrile (2.5
mL). The resulting solution was degassed for 30uteim and irradiated in pyrex
glassware for 5 minutes with stirring. The solvemas removedin vacuo and

purification by flash chromatography (gradient elnt10% ethyl acetate in petroleum
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ether to 50% ethyl acetate in petroleum ether)rdéid368 as a thick colourless oil (9
mg, 0.034 mmol) in 29% yield ar869 as a thick colourless oil (12 mg, 0.045 mmol) in
39% yield.

368. 5y (500 MHz, CDC}) 3.53 (app td, 1HJ = 8.4 and 1.4, H-6), 3.16-3.10 (m, 2H,
HH-5 and H-7), 2.89-2.80 (m, 2H,,H3), 2.56-2.50 (m, 1HiH-5), 1.67-1.55 (m, 4H,
H,-12 and H-11), 1.42-1.37 (m, 2H, #10), 1.33-1.27 (m, 2H, #09), 0.89 (t, 3HJ =
6.9, H-8); dc (125 MHz, CDCJ) 174.49 (C=0), 172.91 (C=0), 116.82 (C14), 52.38
(C4), 44.16 (C6), 31.33 (C13), 30.87 (C7), 30.2H4C 29.26 (CH), 28.64 (CH),
25.92 (CH), 22.82 (C5), 14.11 (C8); IR (oil, ¢ 3223 (w), 2926 (w), 1778 (w), 1714
(s); MS (Cl+) m/z (relative intensity): 267 ([M+H], 40), 213 (70), @§100); Exact
Mass Calcd for [@H1gN2O-S]+H requiresn/z267.1167 Found 267.1175 (CI+).

369.64 (500 MHz, CDC}) 3.66 (dd, 1HJ = 9.5 and 6.0, H-5), 3.23 (dd, 1Bi= 10.9
and 5.2, H-7), 3.01-2.82 (m, 3HH46 and H-13), 2.67 (ddd, 1H) = 14.7, 9.6 and 5.3,
HH-6), 1.65-1.60 (m, 2H, }H12), 1.42-1.36 (m, 2H, #11), 1.32-1.27 (m, 4H, H9 and
H»-10), 0.88 (t, 3H,) = 6.8, K-8); ¢ (125 MHz, CDCY4) 175.08 (C=0), 174.82 (C=0),
117.13 (C14), 51.24 (C4), 44.26 (C5), 31.36 (CBR),96 (C7), 29.82 (Chl, 29.19
(CH,), 28.62 (CH)), 25.72 (C6), 22.58 (CH, 14.26 (C8); IR (oil, ci) 3247 (w), 2927
(w), 1717 (s); MS (Cl+)n/'z (relative intensity): 267 ([M+H], 75), 214 (100)3Q (70);
Exact Mass Calcd for [{gH1sN20,S]+H requiresn/z267.1167 Found 267.1158 (CI+).
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370. (4RS, 5RS, 7RS)-2-Aza-4-hexylsulfanyl-5-carbglic acid phenyl ester-bicyclo
[3.2.0]heptan-1,3-dione

NH 2

10

13

342 (25 mg, 0.12 mmol) was dissolved in acetonitr#é (mL). The resulting solution
was degassed for 30 minutes, phenyl acrylate (160.20 mmol) added and irradiated
in pyrex glassware for 5 minutes with stirring. T¢wvent was removeth vacuoand
purification by flash chromatography (gradient elntin petroleum ether to 30% ethyl
acetate in petroleum ether) afford8d0 as a thick colourless oil (21 mg, 0.058 mmol)
in 48% yield and dimeB43 (12 mg, 0.028 mmol) in 48% vyield (data matched tha
obtained above fd343).

81 (600 MHz, CDCH) 8.41 (s, 1H, NH), 7.41-7.39 (m, 2H, 2 x Ar-H)27-7.25 (m, 1H,
H-8), 7.20 (d, 2HJ = 7.8, 2 x Ar-H), 3.80 (dd, 1H} = 8.5 and 5.1, H-5), 3.29 (dd, 1H,
J=10.7 and 5.1, H-7), 3.20 (ddd, 1#Hz 13.0, 10.9 and 5.5,HH6), 2.73 (td, 1H,) =
11.5 and 7.5, H-18), 2.62 (td, 1HJ = 11.5 and 7.5HH-18), 2.40 (ddd, 1H) = 13.5,
8.8 and 5.6HH-6), 1.54-1.48 (m, 2H, H17), 1.33-1.16 (m, 6H, H14, H-15 and H-
16), 0.84 (t, 3HJ = 6.9, H-13); 5¢ (150 MHz, CDC}) 176.35 (C=0), 176.19 (C=0),
168.85 (C=0), 150.66 (C11), 129.64 (2 x Ar-H), B26(C8), 121.54 (2 x Ar-H), 52.59
(C4), 44.78 (C7), 44.17 (C5), 31.36 (gH29.94 (C18), 29.09 (Chi 28.68 (CH),
23.83 (C6), 22.56 (Ch), 14.08 (C13): IR (oil, ci) 3213 (w), 2927 (w) 1757 (m), 1715
(s); MS (Cl+) m/z (relative intensity): 362 ([M+H], 35), 268 (100)44 (25); Exact
Mass Calcd for [@H23NO4S]+H requiresn/z362.1426 Found 362.1431 (Cl+).
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371. (4RS, 7RS, 5RS)-2-Aza-4-hexylsulfanyl-5-carbgic acid methyl ester-bicyclo
[3.2.0]heptan-1,3-dione

10

342 (25 mg, 0.12 mmol) was dissolved in acetonitr2d.9 mL) and methyl acrylate
(3.1 mL, 36 mmol). The resulting solution was degalsfor 30 minutes and irradiated
in pyrex glassware for 5 minutes with stirring. Tdwvent was removenh vacuoand
purification by flash chromatography (gradient ®Eaot in 10% ethyl acetate in
petroleum ether to 50% ethyl acetate in petroledherg afforded371 as a thick
colourless oil (17 mg, 0.056 mmol) in 49% yield.

81 (600 MHz, CDC¥) 8.50 (s, 1H, NH), 3.81 (s, 3H,3#8), 3.57 (dd, 1H, = 8.5 and
5.8, H-5), 3.18 (dd, 1H]) = 10.7 and 5.0, H-7), 3.11 (ddd, 1#Hz= 12.9, 10.0 and 5.5,
HH-6), 2.73 (td, 1H,) = 11.5 and 7.5, H-15), 2.64 (td, 1HJ = 11.5 and 7.5HH-15),
2.29 (ddd, 1HJ = 13.2, 8.5 and 5.2, ##6), 1.52-1.47 (m, 2H, H14), 1.35-1.30 (m,
2H, H,-13), 1.29-1.21 (m, 4H, #11 and H-12), 0.87 (t, 3H,) = 6.7, H-10); 3¢ (150
MHz, CDCk) 176.65 (C=0), 171.13 (C=0), 170.48 (C=0), 52.68)( 52.39 (C4),
4456 (C7), 44.06 (C5), 31.41 (C15), 29.73 (LH9.16 (CH), 28.68 (CH), 23.57
(C12), 22.57 (C11), 14.11 (C10); IR (oil, 3244 (w), 2928 (w) 1778 (w), 1714 (s);
MS (FAB+) m/z (relative intensity): 322 ([M+Na], 100), 300 (3@14 (25); Exact Mass
Calcd for [G4H2:NO4S]+Na requiresn/z322.1089 Found 322.1082 (FAB+).
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373. (4RS, 7RS)-2-Aza-4-hexylsulfanyl-5,5-diphenylicyclo[3.2.0]heptan-1,3-dione

(0]
H

6 1

13 14
/ \ NH 2
12 4
15
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5 3

17

16

342 (25 mg, 0.116 mmol) was dissolved in acetonitridl (mL) and 1,1-
diphenylethyene (203.L, 1.16 mmol). The resulting solution was degasked30
minutes and irradiated in pyrex glassware for 5ut@s with stirring. The solvent was
removed in vacuo and purification by flash chromatography (gradiesttion in
petroleum ether to 30% ethyl acetate in petroletivarg afforded373 as a colourless oll
(30 mg, 0.075 mmol) in 64% yield.

84 (600 MHz, CDC}) 8.15 (s, 1H, NH), 7.42 (m, 2H, H-8 and H-12),6#821 (m, 8H,
8 x Ar-H), 3.54 (dd, 1HJ = 12.9 and 10.3, H-6), 3.34 (dd, 1HJ = 10.3 and 5.7, H-7),
3.18 (dd, 1HJ = 12.9 and 5.8{H-6), 2.43 (td, 1H, =11.0 and 7.3HH-21), 2.34 (id,
1H,J=11.0 and 7.4, H-21), 1.40-1.34 (m, 2H, #20), 1.26-1.20 (m, 4H, H18 and
H»-19), 1.18-1.13 (m, 2H, H17), 0.84 (t, 3H,) = 7.5, H-16); 5c (150 MHz, CDC})
177.16 (C=0), 175.87 (C=0), 142.09 (Ar), 141.80)(A28.17 (2 x Ar-H), 128.13 (2 x
Ar-H), 128.10 (2 x Ar-H), 128.06 (2 x Ar-H), 127.44r-H), 127.32 (Ar-H), 63.03
(C5), 57.20 (C4), 44.38 (C7), 35.17 (C6), 31.35 £;H0.07 (C21), 28.77 (Ci 28.71
(CH,) 22.53 (CH), 14.11 (C16); IR (oil, ciy) 2927 (m) 1772 (w), 1709 (s); MS (ES-)
m/z (relative intensity): 392 ([M-H], 10), 212 (100); x&ct Mass Calcd for
[C24H27NO,S]-H requiresn/z392.1684 Found 392.1674 (ES-).
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374. (4RS, 5SR, 7SR)-2-Aza-4-hexylsulfanyl-5-phenrlyicyclo[3.2.0]heptan-1,3-

dione
No NOe H 2
6 7 A

H////,,p 4

11

13

12

408. 3-(2-Hexylsulfanyl-2-phenyl-ethyl)-pyrrole-2,5dione

10
6 8

342 (25 mg, 0.12 mmol) was dissolved in acetonitr#é (mL). The resulting solution
was degassed for 30 minutes, styrene (jtB3 1.2 mmol) added and the solution
irradiated in pyrex glassware for 5 minutes withristy. The solvent was removed
vacuoand purification by flash chromatography (gradiehittion in petroleum ether to
30% ethyl acetate in petroleum ether) affordé8 as a thick yellow oil (11 mg, 0.034
mmol) in 30% yield an®74 as an off-white paste (26 mg, 0.082 mmol) in 70étdy

374.84 (600 MHz, CDCH) 8.77 (s, 1H, NH), 7.39-7.31 (m, 5H, 5 x Ar-H)P8.(app t,
1H, J = 8.8, H-5), 3.17 (dd, 1H] = 10.9 and 3.4, H-7), 3.04 (ddd, 1#H= 12.7, 11.1
and 8.4 HH-6), 2.63 (ddd, 1HJ = 12.8, 9.0 and 3.6, H6), 2.43 (ddd, 1HJ = 11.3,
7.9 and 6.7HH-17), 2.13 (ddd, 1HJ = 11.3, 8.0 and 6.6, ##17), 1.30-1.08 (m, 8H,
H»-13, H-14, H-15 and H-16), 0.83 (t, 3HJ = 7.3, H-12); 5¢c (150 MHz, CDC))
178.76 (C=0), 177.62 (C=0), 136.51 (C11), 128.7%k (&r-H), 128.70 (2 x Ar-H),
128.03 (C8), 57.17 (C4), 45.70 (C5), 43.87 (C7),281(C17), 28.70 (C}), 28.65
(CH,), 28.52 (CH), 26.22 (C6), 22.46 (CH, 14.10 (C12); IR (oil, cm) 3218 (w),
2926 (w) 1771 (m), 1703 (s); MS (FABH)Yz (relative intensity): 340 ([M+Na], 20),
199 (25), 176 (100); Exact Mass Calcd fondd>3sNO,S]+Na requiresm/z 340.1347
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Found 340.1357 (FAB+). Elemental analysis: CalcGaH,3NO,S: C: 68.10, H: 7.31,
N: 4.41 Found: C: 68.31, H: 7.41, N: 4.34.

408.64 (600 MHz, CDC}) 7.34-7.24 (m, 5H, 5 x Ar-H), 7.22 (d, 1Bi= 1.5, H-5), 6.15
(app g, 1HJ = 1.5, H-2), 4.11 (t, 1H) = 7.7, H-12), 3.01 (ddd, 1H,= 15.8, 7.8 and
1.5,HH-13), 2.96 (ddd, 1HJ) = 15.6, 7.8 and 1.5, ##13), 2.36-2.26 (m, 2H, #11),
1.50-1.41 (m, 2H, K10), 1.35-1.33 (m, 6H, H7, H-8 and H-9), 0.85 (t, 3HJ = 7.0,
Hs-6); 6c (150 MHz, CDC4) 170.96 (C=0), 169.95 (C=0), 147.26 (C3), 141.QQ7%),
129.41 (C2), 128.89 (2 x Ar-H), 127.86 (C14), 127(2 x Ar-H), 47.24 (C12), 32.47
(C11), 31.43 (Ch), 31.31 (CH), 29.19 (CH), 28.61 (CH), 22.60 (CH), 14.10 (C6);
IR (oil, cm®) 3288 (w), 2928 (w), 1775 (w), 1717 (s); MS (FABm)z (relative
intensity): 340 ([M+Na], 20), 329 (35), 207 (20)6L(100); Exact Mass Calcd for [C-
16H23NO,S]+Na requiresn/z340.1347 Found 340.1351 (FAB+).

377. (4RS, 5RS, 7SR)-2-Aza-4-hexylsulfanyl-5-butyicyclo[3.2.0]heptan-1,3-dione

o)
No NOe H
6 ‘ 1l
7

H“"///: 4
5

11

10

13

12

412. 3-(2-Hexylsulfanyl-hexyl)-pyrrole-2,5-dione ad

11

10

342 (25 mg, 0.116 mmol) was dissolved in acetonitf?8.7 mL) and hex-1-ene (4.3

mL, 11.6 mmol). The resulting solution was degaseeB0 minutes and irradiated in
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pyrex glassware for 5 minutes with stirring. Thdveat was removedn vacuoand
purification by flash chromatography (gradient elntin petroleum ether to 30% ethyl
acetate in petroleum ether) afforded a mixturé8of and412 (6 mg, 0.021 mmol).
NMR investigations showed the mixture was a 1:Bbrat 377.412 thus representing
412 (4 mg, 0.013 mmol) in 12% yield ar8¥7 (2 mg, 0.0068 mmol) in 6% yiel®77
was also isolated pure as a colourless oil (14 0r@47 mmol) in 41% vyield. Further

column chromatography afforded a pure sampkl@fas an oil.

377.54 (600 MHz, CDC}) 8.19 (s, 1H, H-2), 3.09 (dd, 1H=10.2 and 4.5, H-7), 2.70-
2.64 (m, 1H, H5), 2.53-2.45 (m, 2H, H17), 2.37-2.28 (m, 2H, H6), 1.80-1.73 (m,
1H, HH-11), 1.59-1.50 (m, 2H4H-11 and HH-10), 1.38-1.20 (m, 11H4H-10 and 5 x
CHy), 0.90 (t, 3H,J = 7.1, CH), 0.87 (t, 3H,J = 7.3, CH); d¢c (150 MHz, CDC})
178.73 (C=0), 177.81 (C=0), 56.10 (C4), 44.29 (GM.99 (C5), 31.42 (C17), 29.24
(CHy), 28.99 (CH), 28.90 (CH), 28.74 (CH), 28.73 (CH), 27.92 (CH), 22.59 (CH),
22.58 (CH), 14.12 (CH), 14.09 (CH); IR (oil, cmi®) 3209 (w), 2927 (m) 1774 (w),
1711 (s); MS (Cl+)v/z (relative intensity): 298 ([M+H], 100); Exact Ma&alcd for
[C16H27NO,S]+H requiresn/z298.1841 Found 298.1845 (CI+).

412.38 (600 MHz, CDCH) 7.29 (br s, 1H, NH), 6.43 (app q, 181~ 1.4, H-2), 2.91-
2.76 (m, 3H, H-12 and #17), 2.70 (ddd, 1H) = 15.1, 6.5 and 1.4, H#13), 2.64 (ddd,
1H,J=15.1, 6.5 and 1.4JH-13), 2.49 (t, 1HJ = 7.4, H-11), 1.81-1.25 (m, 12H, 6 x
CHy), 0.93-0.85 (m, 6H, K6 and H-14); 3¢ (150 MHz, CDC{) 174.39 (C=0), 171.40
(C=0), 148.19 (C3), 129.28 (C2), 43.90 (C12), 34OH,), 31.53 (CH), 30.60 (CH),
29.70 (CH), 29.07 (CH), 28.76 (CH), 28.51 (CH), 22.66 (CH), 22.65 (CH), 14.16
(CHs), 14.13 (CH); IR (oil, cmi®) 3226 (w), 2927 (m) 1715 (s); MS (Cl#yz (relative
intensity): 298 ([M+H], 80), 187 (100); Exact MaSalcd for [GgH27NO,S]+H requires
m/z298.1841 Found 298.1841 (ClI+).
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380. (4RS, 7RS)-2-Aza-4-hexylsulfanyl-5-ethyl-6-eghbicyclo[3.2.0]hept-5-ene-1,3-

dione
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342 (25 mg, 0.116 mmol) was dissolved in acetonitfilé.1 mL) and hex-3-yne (3.9
mL, 11.6 mmol). The resulting solution was degadeeB0 minutes and irradiated in
pyrex glassware for 5 minutes with stirring. Thdveat was removedn vacuoand
purification by flash chromatography (gradient elntin petroleum ether to 30% ethyl
acetate in petroleum ether) afford&®D as a colourless oil (17 mg, 0.057 mmol) in 49%

yield.

dn (600 MHz, CDC}) 8.26 (s, 1H, NH), 3.88 (s, 1H, H-7), 2.99 (dd#i, I = 12.8, 9.1
and 7.5, HH-18), 2.87 (ddd, 1H) = 12.9, 8.7 and 5.HH-18), 2.39-2.20 (m, 2H;IH-9
andHH-11), 1.95-1.75 (m, 2H, H-9 and HH-11), 1.56-1.10 (m, 8H, 4 x G 0.90-
0.86 (m, 9H, H-8, H-10 and H-12); 6c (150 MHz, CDC}) 172.66 (C=0), 171.34
(C=0), 148.84 (C=C), 142.53 (C=C), 70.45 (C4), 83818), 48.09 (C7), 31.45 (GH
28.51 (CH), 23.53 (CH), 22.50 (CH), 21.89 (CH), 21.62 (CH) 14.09 (C12), 12.03
(CHs), 11.84 (CH); IR (oil, cmit) 2931 (m) 1717 (s); MS (Cl+)Vz (relative intensity):
312 ([M+OH], 100), 178 (100); Exact Mass Calcd [BreH2sNO,S]+0OH requiresn/z
312.1633 Found 312.1648 (ClI+).
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381.(4RS, 7SR)-2-Aza-4-hexylsulfanyl-bicyclo[3.2.0]heg-ene-1,3-dione

14 N
/

16
23 [e)
5 \ / H
1
16 ‘

6

7
| NH 2

342 (25 mg, 0.12 mmol) was dissolved in acetonitr#é (mL). The resulting solution
was degassed for 30 minutes, phenyl acetylene (1281.16 mmol) added and
irradiated in pyrex glassware for 30 minutes wiilring. The solvent was removeq
vacuoand purification by flash chromatography (gradiehittion in petroleum ether to
30% ethyl acetate in petroleum ether) affor@8d as a colourless oil (4.5 mg, 0.014
mmol) in 12% yield and42 (1.5 mg, 0.007 mmol) in 6% vyield (data matched tha
obtained previously).

dn (600 MHz, CDCY) 7.86 (s, 1H, 2-H), 7.68 (d, 2H,= 7.86, 2 x Ar-H), 7.40-7.34 (m,
3H, 3 x Ar-H), 6.58 (s, 1H, H-5), 3.73 (s, 1H, H-?)57 (td, 1HJ = 7.4 and 2.3, K
13), 1.77-1.19 (m, 8H, 4 x Gl 0.85 (t, 3H,J = 7.3, H-8); 5c (150 MHz, CDC}))
173.46 (C=0), 173.28 (C=0), 149.72 (C17), 130.26)(@30.02 (C14), 128.85 (2 x
Ar-H), 126.32 (2 x Ar-H), 125.76 (C5), 53.78 (CB1.33 (CH), 29.70 (CH), 29.32
(CH,), 28.61 (CH)), 22.55 (CH), 14.11 (C8); IR (oil, cil) 3228 (w), 2925 (m), 1770
(w) 1709 (s); MS (Cl+)m/z (relative intensity): 316 ([M+H], 100), 214 (30)x&ct
Mass Calcd for [ggH21NO,S]+H requiresn/z316.0371 Found 316.1365 (Cl+).
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386. (4RS, 5SR, 7SR)-2-Aza-4-hexylsulfanyl-p-amino)phenyl-
bicyclo[3.2.0]heptan-1,3-dione

No NOe H o
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342 (25 mg, 0.12 mmol) was dissolved in acetonitr#® (mL). The resulting solution
was degassed for 30 minutes, 4-vinyl aniline (1861.2 mmol) added and irradiated
in pyrex glassware for 5 minutes with stirring. Td@vent was removenh vacuoand
purification by flash chromatography (gradient glatin petroleum ether to 30% ethyl
acetate in petroleum ether) afford&®b as a thick colourless oil (7 mg, 0.021 mmol) in
17% yield.

81 (600 MHz, CDCY¥) 8.17 (s, 1H, NH), 7.10 (d, 2H,= 8.5, 2 x Ar-H), 6.67 (d, 2H] =
8.5, 2 x Ar-H), 3.94 (app t, 1H,= 9.0, H-5), 3.13 (dd, 1Hl = 11.1 and 3.7, H-7), 2.98
(ddd, 1H,J = 12.9, 11.2 and 8.8,HH6), 2.58 (ddd, 1HJ = 12.8, 9.1 and 3.5{H-6),
2.42 (td, 1HJ = 11.5 and 7.5HH-17), 2.17 (td, 1H,J) = 11.5 and 7.5, H-17), 1.34-
1.29 (m, 2H, H16), 1.25-1.11 (m, 6H, #H13, H-14 and H-15), 0.80 (t, 3H,) = 7.4,
Hs-12); 6c (150 MHz, CDCY¥) 178.64 (C=0), 177.48 (C=0), 146.28 (C8), 129.83X (
Ar-H), 126.20 (C11), 114.81 (2 x Ar-H), 57.97 (C4)%5.48 (C5), 43.79 (C7), 31.35
(CHy), 29.07 (CH), 28.65 (CH), 28.64 (CH), 26.41 (C6), 22.54 (CH 14.12 (C12);
IR (oil, cm™) 3214 (w), 2928 (w) 1769 (m), 1715 (s); MS (Ciw (relative intensity):
333 ([M+H], 55), 119 (100); Exact Mass Calcd forigd,4N.O,S]+H requiresm/z
333.1637 Found 333.1642 (CI+).
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387a. (4RS, 5SR, 7SR) — 2 — Aza — 4 — hexylsulfaryb - - methoxy)phenyl-
bicyclo[3.2.0]heptan-1,3-dione and 387b. (4RS, 5R3SR) - 2-aza-4-hexylsulfanyl-
5-(p-methoxy)phenyl-bicyclo[3.2.0]heptan-1,3-dione

o) NOe H o]
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342 (25 mg, 0.12 mmol) was dissolved in acetonitr#® (mL). The resulting solution
was degassed for 30 minutes, 4-methoxystyrene (1541.20 mmol) added and
irradiated in pyrex glassware for 5 minutes withristy. The solvent was removed
vacuoand purification by flash chromatography (gradiehttion in petroleum ether to
30% ethyl acetate in petroleum ether) afford@® as a colourless oil (10 mg, 0.037
mmol) in 25% yield an@87aand387b (27 mg, 0.77 mmol) in 67% yield as a mixture

of diastereomers 1:10.

387a. and 387bdy (600 MHz, CDCY) 8.71 (s, 1H, Nk, 8.45 (s, 1H, Nk, 7.24 (d,
2H,J = 7.9, 2 x Ar-H), 7.15 (d, 2H, = 8.7, 2 x Ar-H), 6.90 (d, 2H, = 8.6, 2 x Ar-
Hy), 6.86 (d, 2H,J = 8.6, 2 x Ar-H), 3.99 (app t, 1HJ = 8.8, H-5), 3.94 (dd, 1H,J =

10.1 and 8.4, H-J, 3.81 (s, 3H, K#8y), 3.77 (S, 3H, W8, 3.20 (dd, 1H,) = 11.9 and
4.5, H-7), 3.13 (dd, 1H, = 11.0 and 3.4, HyJ, 3.09 (app td, 1H) = 11.9 and 10.6,
HH-6,), 2.98 (ddd, 1HJ = 12.9, 11.2 and 8.7,H#6y), 2.67 (td, 1HJ = 11.5 and 7.3,
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HH-18,), 2.63-2.53 (m, 2HHH-6, andHH-18;), 2.54 (ddd, 1HJ = 11.9, 8.4 and 4.5,
HH-6,), 2.43 (ddd, 1HJ = 11.3, 8.2 and 6.7,H#18,), 2.15 (ddd, 1HJ) = 11.4, 8.4 and
6.7,HH-18,), 1.56-1.52 (m, 2H, KH17.), 1.39-1.33 (m, 2H, CH,), 1.31-1.09 (m, 12H,
Ho-14p, Ho-15,, Hp-16,, Hx-17, and 2 x CH.), 0.87 (t, 3H,J = 7.1, H-13.), 0.83 (t, 3H,
J=7.1, B-13); dc (150 MHz, CDCY) 177.81 (C=@), 175.48 (C=Q), 175.48(C=0Q),
159.39 (C9), 159.20 (C9, 129.94 (2 x Ar-H), 129.01 (2 x Ar-H), 128.56 (C1Q),
128.49 (C13, 114.11 (2 x Ar-H), 113.65 (2 x Ar-Hg), 57.63 (C4), 57.38 (C4), 55.38
(C8&), 55.33 (CQ, 45.25 (Ch), 47.47 (CH), 43.78 (C¥), 43.93 (C%, 31.41 (CH.y,
31.33 (CH.p), 30.10 (CH.y, 29.35 (CH.y), 29.23 (CH.p), 29.01 (CH.), 28.70 (C19,
28.62 (C18), 26.53 (Cg), 26.25 (CH), 22.52 (CH.y), 22.59 (CH.y, 14.14 (C13,
14.10 (C13) One carbon signal fron887a is missing due to overlap of the
diastereomers; IR (oil, cM) 3216 (w), 2928 (m) 1771 (m), 1707 (s); MS (Chijz
(relative intensity): 348 ([M+H], 20), 135 (20), 43100); Exact Mass Calcd for [C-
19H25NO3S]+H requiresn/z348.1633 Found 363.1642 (CI+).

409.8 (600 MHz, CDCH) 7.21 (d, 2H,) = 8.5, 2 x Ar-H), 7.18 (br s, 1H, NH), 6.84 (d,
2H,J=9.0, 2 x Ar-H), 6.13 (app q, 1Hd,= 1.1, H-2), 4.08 (t, 1H] = 7.9, H-12), 3.80
(s, 3H, H-14), 2.99 (ddd, 1HJ = 15.7, 7.2 and 1.HH-13), 2.91 (ddd, 1HJ = 15.7,
8.7 and 1.1, H-13), 2.35-2.26 (m, 2H, #H11), 1.51-1.43 (m, 2H, H10), 1.33-1.16 (m,
6H, H-7, H-8 and H-9), 0.85 (t, 3HJ = 7.0, K-6); ¢ (150 MHz, CDC}4) 171.03
(C=0), 170.05 (C=0), 159.06 (C15), 147.37 (C3),.232C18), 129.37 (C2), 128.79 (2
x Ar-H), 114.18 (2 x Ar-H), 55.38 (C14), 46.61 (Q132.59 (C13), 31.45 (C11), 31.38
(CHy), 29.22 (CH), 28.64 (CH), 22.61 (CH), 14.14 (C6): IR (oil, cil) 3275 (w),
2927 (m) 1774 (w), 1717 (s); MS (Clwyz (relative intensity): 347 (M+, 15), 237 (70),
230 (100), 202 (60); Exact Mass Calcd for;dd>sNOsS]+ requiresm/z 347.1550
Found 363.1553 (Cl+).
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389a. (4RS, 5SR, 7SR)-2-Aza-4-hexylsulfanyl-Bnitro)phenyl-
bicyclo[3.2.0]heptan-1,3-dione
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389h. (4RS, 5RS, 7SR) 2-Aza-4-hexylsulfanyl-&{nitro)phenyl-
bicyclo[3.2.0]heptan-1,3-dione
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410. 3-[2-Hexylsulfanyl-2-(3-nitro-phenyl)-ethyl]-p/rrole-2,5-dione
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342 (25 mg, 0.12 mmol) was dissolved in acetonitr#® (mL). The resulting solution
was degassed for 30 minutes, 3-nitrostyrene (136..2 mmol) added and irradiated in
pyrex glassware for 5 minutes with stirring. Thdveat was removedn vacuoand

purification by flash chromatography (gradient glatin petroleum ether to 30% ethyl
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acetate in petroleum ether) afford&tD as a thick colourless oil (12 mg, 0.33 mmol) in
21% yield,389aas a thick colourless oil (1.5 mg, 0.003 mmol3% yield and389b as
a thick colourless oil (23 mg, 0.063 mmol) in 55%ld,

389a.64 (600 MHz, CDC}) 8.15 (d, 1HJ = 8.4, Ar-H), 8.07 (s, 1H, H-8), 7.84 (s, 1H,
NH), 7.62 (d, 1HJ = 7.6, Ar-H), 7.53 (app t, 1Hl = 8.0, H-11), 4.10 (app t, 1H,=
10.0, H-5), 3.30 (dd, 1H] = 10.4 and 6.1, H-7), 3.17 (app dt, 1Hs 13.3 and 10.3,
HH-6), 2.68-2.56 (m, 3HHH-6 and H-19), 1.40-1.35 (m, 2H, #18), 1.31-1.23 (m,
6H, H-15, H-16 and H-17), 0.87 (t, 3H,) = 6.9, H-14); 8¢ (150 MHz, CDC}) 176.25
(C=0), 174.16 (C=0), 148.44 (C9), 139.02 (C13), .883(Ar-H), 129.69 (Ar-H),
123.07 (Ar-H), 121.92 (Ar-H), 57.34 (C4), 46.76 (C84.18 (C7), 31.36 (Chi, 30.21
(CH,), 29.33 (C19), 28.68 (G 26.07 (C6), 22.57 (CH 14.11 (C14); IR (oil, ci)
2934 (w), 1719 (s); MS (ClH)vz (relative intensity): 363 ([M+H], 65), 214 (90), 8
(100); Exact Mass Calcd for [gH,,N>04S]+H requiream/z363.1379 Found 363.1397
(Cl+).

389b. 6 (600 MHz, CDC}) 8.59 (s, 1H, NH), 8.22-8.16 (m, 2H, 2 x Ar-H)68.(d,
1H,J=7.5, Ar-H), 7.56 (app t, 1H = 8.0, H-11), 4.14 (app t, 1H,= 8.6, H-5), 3.23
(dd, 1H,J=11.6 and 3.0, H-7), 3.05 (ddd, 1H+ 13.1, 11.1 and 8.5,HH6), 2.73 (ddd,
1H,J = 12.9, 9.0 and 3.64H-6), 2.45 (ddd, 1HJ = 11.4, 8.1 and 6.HH-19), 2.13
(ddd, 1H,J = 11.3, 8.0 and 6.8, ##19), 1.30-1.24 (m, 2H, H18), 1.21-1.08 (m, 6H,
Hx-15, H-16 and H-17), 0.81 (t, 3HJ = 7.1, K-14); d¢c (150 MHz, CDCY4) 177.94
(C=0), 176.84 (C=0), 148.14 (C9), 138.76 (C13), .295(Ar-H), 129.24 (Ar-H),
123.39 (Ar-H), 123.16 (Ar-H), 56.71 (C4), 45.09 (C83.69 (C7), 31.26 (CH), 28.88
(CH,), 28.84 (C19), 28.51 (C6), 26.33 (@H22.57 (CH), 14.06 (C14); IR (oil, ci)
3214 (w), 2928 (w) 1773 (m), 1709 (s); MS (Ch (relative intensity): 363 ([M+H],
10), 214 (15), 84 (100); Exact Mass Calcd forgH.N.O4S]+H requirean/z363.1379
Found 363.1394 (Cl+).

410.8y (600 MHz, CDC}) 8.22 (s, 1H, H-16), 8.14 (d, 1H,= 8.5, Ar-H), 7.68 (app t,
1H,J = 7.6, Ar-H), 7.53 (app t, 1H,= 7.8, H-19), 7.20 (br s, 1H, NH), 6.29 (app g, 1H
J=1.4, H-2), 4.25 (t, 1H] = 7.9, H-12), 3.03 (ddd, 1H,= 15.4, 8.4 and 1.1, H#13),
2.98 (dd, 1HJ = 15.2, 7.4 and 1.HH-13), 2.37-2.26 (m, 2H, H11), 1.30-1.24 (m,
2H, H-10), 1.21-1.08 (m, 6H, 3 x G 0.81 (t, 3H,J = 7.1, H-6); 5c (150 MHz,
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CDCly) 170.70 (C=0), 169.54 (C=0), 148.60 (C15), 14§@38), 143.94 (C17), 133.83
(Ar-H), 129.96 (Ar-H), 129.86 (C2), 122.96 (Ar-H)22.59 (Ar-H), 46.78 (C12), 32.52
(C13), 31.56 (Ch), 31.37 (C11), 29.03 (CH| 28.52 (CH), 22.57 (CH), 14.11 (C8);
IR (oil, cm*) 3282 (w), 2928 (m) 1775 (w), 1717 (s); Mass ion found.

391. 3-Hexylsulfanyl-1-phenyl-pyrrole-2,5-dione

To 394 (200 mg, 0.79 mmol, from Dr J. Baker) in metha@ mL) was added
hexanethiol (11LL, 0.79 mmol) and sodium acetate trihydrate (108 @¢g9 mmol) in
methanol (60 mL) dropwise over 1 hour with vigoraisring. After 5 minutes the
solvent was removeth vacuo Purification by flash chromatography (gradienitiein
in 10% ethyl acetate in petroleum ether to 30% letgetate in petroleum ether)
afforded391as a pale yellow solid (109 mg, 0.38 mmol) in 48%dy

dn (600 MHz, CDC}) 7.45 (dd, 2H,J=8.0 and 7.1, 2 x H-12), 7.36 (t, 1H= 7.1, H-
11), 7.35 (d, 2HJ = 8.1, 2 x H-13), 6.19 (s, 1H, H-2), 2.96 (t, 2H; 7.9, H-10), 1.81-
1.76 (m, 2H, H9), 1.50-1.45 (m, 2H, H8), 1.34-1.32 (m, 4H, H6 and H-7), 0.91 (t,
3H,J = 6.9, K-5); ¢ (125 MHz, CDC}) 168.59 (C=0), 166.96 (C=0), 152.20 (C3),
131.53 (C14), 129.21 (2 x Ar-H), 127.93 (C11), I®6(2 x Ar-H), 117.24 (C2), 32.03
(C10), 31.33 (Ch), 28.68 (CH), 27.78 (CH), 22.59 (CH), 14.11 (C5); IR (oil, cn)
2931 (w), 1703 (s)MS (Cl+) m/z (relative intensity): 290 ([M+H], 100); Exact Mass
Calcd for [GeH19NOLS]+H requirean/z290.1215 Found 290.1224 (Cl+); m.p. 102-104
°C: UV (Acetonitrile):€,77 = 9150 andss = 5880 critM ™.

392. 1-Cyclohexylmethyl-3-hexylsulfanyl-pyrrole-2,&dione
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To 397 (50 mg, 0.19 mmol) in methanol (50 mL), was adtderanethiol (52iL, 0.37
mmol) and sodium acetate (50 mg, 0.37 mmol) in areh (50 mL) dropwise over 5
minutes. After 10 minutes, the solvent was remawedacuoand purification by flash
chromatography (petroleum ether) afford@@? as an off-white solid (29 mg, 0.09
mmol) in 84% vyield.

dn (600 MHz, CDCY) 6.01 (s, 1H, H-3), 3.33 (d, 2H,= 7.2, H-16), 2.89 (t, 2H,] =
7.3, H-11), 1.76-1.60 (m, 8H, #H10, H-15 and 5 x CH), 1.45 (q, 2H,J = 7.4 H-9),
1.33-1.29 (m, 4H, K7 and H-8), 1.22-111 (m, 2H), 0.96-0.86 (m, 3H), 0.8B¢H, J =
6.9, H-6); dc (125 MHz, CDCJ) 170.23 (C=0), 168.44 (C=0), 151.49 (C2), 117.08
(C3), 44.36 (C16), 37.00 (C15), 31.91 (2 x L£HB1.32 (2 x CH), 30.73 (CH), 28.66
(CHy), 27.78 (CH), 26.33 (CH), 25.73 (CH), 22.58 (CH), 14.10 (C6); IR (solid, cm

Y 2927 (m), 1701 (s); MS (ES+H)/z, (relative intensity): 310 ([M+H], 100), 180 (40);
Mass calcd for [&H27O.NS]+H requires 310.1841 Found 310.1828 (ES+); UV
(Acetonitrile): €554 = 6680 and:zss = 5040 critM ™.

393a. (4RS, 5SR, 7SR)-2-Aza-2-methyl-4-hexylsulfdry-phenyl-
bicyclo[3.2.0]heptan-1,3-dione
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393b. (4RS, 5RS, 7SR)-2-Aza-2-methyl-4-hexylsulfary-phenyl-
bicyclo[3.2.0]heptan-1,3-dione

13

12

395 (27 mg, 0.119 mmol) was dissolved in acetonitf@® mL). The resulting solution
was degassed for 30 minutes, styrene (iB61.19 mmol) added and irradiated in
pyrex glassware for 5 minutes with stirring. Thdveat was removedn vacuoand
purification by flash chromatography (gradient elntin petroleum ether to 30% ethyl
acetate in petroleum ether) afford@d3aas a colourless oil (23 mg, 0.069 mmol) in
58% yield and393bas colourless oil (5 mg, 0.015 mmol) in 12%

393a.64 (600 MHz, CDCY) 7.39-7.30 (m, 5H, 5 x Ar-H), 3.90 (app t, 1Hs 8.7, H-5),
3.13-3.11 (m, 4H, k18 and H-7), 3.00 (ddd, 1H,= 12.8, 11.0 and 8.5,H46), 2.53
(ddd, 1H,J = 12.8, 9.1 and 3. HH-6), 2.40 (ddd, 1HJ = 11.3, 8.1 and 6.44H-17),
2.06 (ddd, 1HJ = 11.3, 8.3 and 6.5, ##17), 1.25-1.08 (m, 8H, H13, H-14, H-15
and H-16), 0.82 (t, 3HJ = 7.4, H-12); 8¢ (150 MHz, CDC}) 178.73 (C=0), 177.70
(C=0), 136.77 (C11), 128.89 (2 x Ar-H), 128.27 (AxH), 127.99 (C8), 55.69 (C4),
45.62 (C5), 42.61 (C7), 31.29 (G} 28.94 (CH), 28.68 (CH), 28.55 (C17), 26.26
(C6), 25.70 (C18), 22.58 (G 14.09 (C12); IR (oil, cm) 2927 (w) 1703 (s),; MS
(Cl+) m/z (relative intensity): 332 ([M+H], 100); Exact Mas€£alcd for
[C19H25NO,S]+H requiresn/z332.1684 Found 332.1680 (CI+).

393b. 8y (600 MHz, CDCH) 7.32-7.30 (m, 3H, 3 x Ar-H), 7.13 (d, 28= 7.9, 2 X H-
10), 3.99 (dd, 1HJ = 10.2 and 7.8, H-5), 3.20 (dd, 18i= 10.3 and 4.8, H), 3.13-
3.07 (m, 1H, HH-6), 2.93 (s, 3H, kH18), 2.65 (dt, 1H,) = 11.4 and 7.5HH-17), 2.58
(dt, 1H,J = 11.8 and 7.5, H-17), 2.46 (ddd, 1HJ = 12.0, 7.7 and 4.84H-6), 1.55-
1.25 (m, 8H, K13, H-14, H-15 and H-16), 0.87 (t, 3H,J = 7.0, H-12): 3¢ (150
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MHz, CDCE) 177.78 (C=0), 175.17 (C=0), 137.21 (C11), 128Z X Ar-H), 127.93
(C8), 127.24 (2 x Ar-H), 55.39 (C4), 48.23 (C5),AR(C7), 31.42 (Ch), 30.07 (C17),
29.33 (CH), 28.69 (CH), 25.71 (CH), 25.25 (C18), 22.58 (G} 14.12 (C12); IR (oil,
cm?) 2927 (w) 1715 (s); MS (Cl+)Vz (relative intensity): 332 ([M+H], 40), 228 (40),
86 (70), 84 (100); Exact Mass Calcd forn{8,5sNO,S]+H requiresm/z332.1684 Found
333.1697 (Cl+).

395a. (4RS, 5SR, 7SR)-2-Aza-2-phenyl-4-hexylsulfdy-phenyl-
bicyclo[3.2.0]heptan-1,3-dione and 395b. (4RS, 5RS7SR)-2-aza-2-phenyl-4-
hexylsulfanyl-5-phenyl-bicyclo[3.2.0]heptan-1,3-dine

1)
11, 4

No NOe H ? NOe H o
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391 (34 mg, 0.12 mmol) was dissolved in acetonitr#® (mL). The resulting solution
was degassed for 30 minutes, styrene (iB51.18 mmol) added and irradiated in
pyrex glassware for 5 minutes with stirring. Thdveat was removedn vacuoand

purification by flash chromatography (gradient elntin petroleum ether to 30% ethyl

acetate in petroleum ether) afford@85a and 395b as a colourless oil (37 mg, 0.94
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mmol) in 80% (NMR investigations showed the mixtuwas a 1:11 ratio of a:b) and
411 as a colourless oil (0.5 mg, 0.001 mmol) in 1%dyie

395a.and395b. &y (600 MHz, CDCY) 7.54-7.52 (m, 2H, 2 x Ar-H), 7.46-7.42 (m, 4H,
4 x Ar-Hp), 7.41-7.37 (m, 10H, 8 x Ardand 2 x Ar-H), 7.27-7.26 (m, 2H, 2 x Ar-§),
7.06-7.05 (m, 2H, 2 x Ar-k), 4.09 (app t, 1HJ = 8.5, H-5), 4.08 (app t, 1HJ = 8.5,
H-5p), 3.35 (dd, 1H,) = 10.5 and 4.7, Hyf, 3.29 (dd, 1HJ = 10.9 and 4.0, HyJ, 3.20
(ddd, 1H,J = 13.3, 10.3 and 8.5,HH6,), 3.09 (ddd, 1HJ = 13.0, 11.0 and 8.2,HH6y),
2.78 (dt, 1HJ =11.7 and 7.4, H-17,), 2.72-2.68 (m, 2HHH-6, andHH-6,), 2.66 (dd,
1H,J = 7.4 and 4.8HH-17,), 2.52 (ddd, 1HJ = 11.4, 8.2 and 6.%JH-17,), 2.16 (ddd,
1H,J=11.4, 8.4 and 6.6, H17,), 1.63-1.58 (m, 2H, H16,), 1.42-1.37 (m, 2H, H
15,), 1.36-1.09 (m, 6H, 4 x CH,and 2 x CH.y), 0.88 (t, 3HJ = 6.7, H-12;), 0.83 (t,
3H, J = 7.3, H-12)); &¢c (150 MHz, CDC}) 177.65 (C=Q), 176.82 (C=Q), 176.67
(C=0,), 174.08 (C=Q), 136.96 (C1), 136.82 (C1J), 132.06 (C2), 131.86 (C23),
129.40 (2 x Ar-H), 129.22 (Ar-H), 128.96 (2 x Ar-H), 128.84 (Ar-H), 128.79 (Ar-
Ha), 128.34 (2 x Ar-H), 128.08 (Ar-H), 127.51 (Ar-H), 126.56 (2 x Ar-j), 126.34
(Ar-Hg), 55.57 (C4), 55.47 (C4), 48.78 (C5), 45.87 (Ch), 44.88 (C?P, 42.79 (C¥),
31.45 (C1%), 31.31 (C1y), 30.27 (CH.y, 29.46 (CH.5), 29.08 (CH.p), 28.75 (CH.j),
28.56 (CH.p), 26.95 (CH.), 22.60 (CH.y), 22.52 (CH.y), 14.14 (C1Q), 14.10 (C1))
Four carbon signals are missing due to overlap@fliastereomers; IR (oil, ch2926
(w) 1709 (s); MS (Cl+)nz (relative intensity): 394 ([M+H], 70), 290 (100)03. (100);
Exact Mass Calcd for [gH27NO,S]+H requiresn/z394.1841 Found 394.1834 (Cl+).

411.5y (600 MHz, CDC}) 7.54-7.27 (m, 10H, 10 x Ar-H), 6.32 (t, 1Bi= 1.0, H-2),
4.19 (t, 1HJ = 8.0, H-12), 3.12 (ddd, 1H,=15.1, 7.5, and 1.%H-13), 3.07 (ddd, 1H,
J=15.6, 8.0 and 1.0, H#13) 2.39-2.29 (m, 2H, H11), 1.61-1.10 (m, 8H, 4 x G}
0.89-0.81 (m, 3H, K6); 6c (150 MHz, CDC}) 172.61 (C=0), 169.60 (C=0), 146.31
(C3), 141.19 (Ar-H), 130.19 (Ar), 129.41 (Ar), 120. (Ar-H), 128.93 (2 x Ar-H),
128.49 (2 x Ar-H), 127.90 (C2), 127.76 (2 x Ar-HR6.03 (2 x Ar-H), 47.19 (C12),
32.70 (CH), 31.43 (CH), 29.83 (CH), 29.20 (CH), 28.63 (CH), 22.61 (CH), 14.13
(C6); IR (oil, cnmit) 2926 (m) 1715 (s); MS (Cl+)Vz (relative intensity): 394 ([M+H],
40), 278 (100); Exact Mass Calcd forpj8,7NO,S]+H requiresm/z 394.1841 Found
394.1829 (CI+).
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397. 3-Bromo-1-cyclohexylmethyl-pyrrole-2,5-dione

To bromomaleic anhydride (13iL, 1.41 mmol) in acetic acid (20 mL) was addéd
methylene cyclohexamine (18&., 1.41 mmol). The reaction mixture was stirredain
sealed tube for 3 hours at room temperature anu hbated to 156C for 90 minutes.
The solvent was removexa vacuoand purification by flash chromatography (petrateu
ether) afforde®97as a yellow powder (96 mg, 0.35 mmol) in 25% yield.

dy (600 MHz, CDCY) 6.85 (s, 1H, H-3), 3.39 (d, 2H,= 7.3, H-10), 1.72-1.59 (m, 7H,
Hx>-6, 2 xHH-7, 2 xHH-8 and H-9), 1.3-1.10 (m, 2H, 2 xH47), 0.98-0.90 (m, 2H, 2 x
HH-8); d¢c (150 MHz, CDC}) 169.03 (C=0), 165.73 (C=0), 131.78 (C3), 13132)(
45.06 (C10), 36.95 (C9), 30.68 (2 x §H26.25 (C6), 25.66 (2 x GH IR (solid, cm’)
2925 (w), 1713 (s); MS (Eln/z,(relative intensity): 273 (M+, 60), 271 (M+, 60Q1
(90), 189 (90), 95 (100); Exact mass calcd for1fG:O.N"*Br]+ requires 271.0202
Found 271.0192 (El); m.p. 76-78; UV (Acetonitrile): g237 = 20700 andy74 = 2790

cmi'M™,
398a. (4RS, 5SR, 7SR)-2-Aza-2-methylenecyclohexafi@exylsulfanyl-5-phenyl-

bicyclo[3.2.0]heptan-1,3-dione  and 398b. (4RS, 5RS, 7SR)-2-aza-2-
methylenecyclohexane-4-hexylsulfanyl-5-phenyl-bicya[3.2.0]heptan-1,3-dione
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342 (25 mg, 0.116 mmol) was dissolved in acetonitf@d® mL). The resulting solution
was degassed for 30 minutes, styrene (iB31.16 mmol) added and irradiated in
pyrex glassware for 5 minutes with stirring. Thdveat was removedn vacuoand
purification by flash chromatography (gradient glatin petroleum ether to 30% ethyl
acetate in petroleum ether) afford@@8aand 398b as a colourless oil (30 mg, 0.075
mmol) in 64% yield as a mix of diastereoisomers. RINMivestigations showed the
mixture was a 1:10 ratio &98ato 398h

398a. and 398bsy (600 MHz, CDC}) 7.39-7.29 (m, 7H, 5 x Ar-fland 2 x Ar-H),
7.24 (d, 1HJ = 7.4, H-8), 7.16 (d, 2HJ = 7.4, 2 x H-1§), 4.00 (dd, 1H,J = 10.5 and
6.9, H-5), 3.89 (app t, 1H) = 8.7, H-5), 3.46 (d, 4H,) = 7.5, B-22, and B-22,), 3.19
(dd, 1H,J =10.5 and 6.9, H4y, 3.12 (dd, 1H,) = 10.9 and 3.5, HyJ, 3.07 (app dt, 1H,
J=12.0 and 10.34H-6,), 3.00 (ddd, 1HJ = 12.6, 11.5 and 8.5{H-6), 2.64 (ddd, 1H,
J=14.0, 11.4 and 6.9,H417,), 2.56 (app dt, 1H) = 12.0 and 6.9, H-6,), 2.53 (ddd,
1H,J = 12.9, 9.1 and 3.3, ##6y), 2.48 (ddd, 1H,) = 14.0, 8.0 and 5.44H-17,), 2.39
(dt, 1H,J = 11.4 and 7.4, H-17,), 2.08 (dt, 1HJ = 11.4 and 7.7HH-17,), 1.83-0.99
(m, 38H, 19H and 19H), 0.87 (t, 3HJ = 7.0, H-12;), 0.82 (t, 3HJ = 7.5, H-12,); 5¢
(150 MHz, CDC}) 179.12 (C=@), 178.35 (C=@), 178.15 (C=@), 175.41 (C=Q),
137.23 (C1J), 137.12 (C1d), 129.08 (2 x Ar-H), 128.76 (2 x Ar-H), 128.47 (2 x Ar-
Hp), 128.16 (C§), 127.99 (C9, 127.51 (2 x Ar-H), 55.84 (C4), 55.69 (C4), 48.06
(C5,), 45.97 (C§), 45.63 (C28), 45.48 (C23, 42.94 (C3), 42.83 (C¥), 36.67 (C22),
36.58 (C23), 31.64 (CH.y, 31.49 (CH.p), 31.08 (CH.p), 31.01 (CH.p), 30.96 (CH.y),
30.34 (CH.y, 30.04 (CH.,), 29.67 (CH.o), 29.28 (CH.y), 28.98 (CH.y), 28.82 (CH.y),
26.76 (CH.g), 26.63 (CH.g), 26.52 (CH.p), 26.45 (CH.5), 25.96 (CH.y), 25.94 (CH.y),
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25.82 (CH.y, 14.34 (C13), 14.31 (C1®); IR (oil, cmi) 2925 (m) 1703 (s); MS (Cl+)
m/z (relative intensity): 414 ([M+H], 100), 309 (20);x&ct Mass Calcd for
[C2sH3sNO,S]+H requiresn/z414.2461 Found 414.2452 (Cl+)

399. 3-tert-Butylsulfanyl-pyrrole-2,5-dione and 402 3,4-bistert-butylsulfanyl-
pyrrolidine-2,5-dione (one diastereomer of undefing stereochemistry)

To 289 (200 mg, 1.12 mmol) in methanol (50 mL) was ad8edethyl-propane-2-thiol
(210 uL, 1.65 mmol) and sodium acetate trihydrate (225 g5 mmol) in methanol
(50 mL) dropwise over 1 hour with vigorous stirrimgfter 5 minutes the solvent was
removed in vacuo Purification by flash chromatography (10% ethyetate in
petroleum ether) afforded a pale yellow solid (8g)mH NMR and subsequent
calculations indicated that this mixture was 73%nbgss399 (63.5 mg, 0.34 mmaol,
30% yield) and 25% by mad§2(23.5 mg, 0.085 mmol, 8% vyield).

81 (600 MHz, CDC}4) 8.41 (br s, 1H, H-11), 7.90 (br s, 1H, NH), 6(811H, H-2), 3.49
(s, 2H, H-8 and H-9), 1.54 (s, 9H, 3 %-H), 1.43 (s, 18H, 6 x #H12); ¢ (125 MHz,
CDCl3) 175.98 (C7 and C10), 170.18 (C=0), 169.10 (C=@¥.73 (C3), 119.49 (C2),
49.32 (C8 and C9), 47.35 (C6), 45.83 (2 x C13)4B816 x C12), 29.81 (3 x C5); IR
(solid, cm') 3196 (m), 1770 (m), 1703 (sMS (Cl+) mVz (relative intensity): 186
(IM+H], 100), 178 (20); Exact Mass Calcd forglf;;NO,S]+H requiresm/z186.0589
Found 186.0592 (ClI+);
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400. 3-Cyclohexylsulfanyl-pyrrole-2,5-dione and 4Q053,4-bis-cyclohexylsulfanyl-
pyrrolidine-2,5-dione
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To 289 (200 mg, 1.12 mmol) in methanol (50 mL) was addgdohexylmercaptan
(226 uL, 1.65 mmol) and sodium acetate trihydrate (225 g5 mmol) in methanol

(50 mL) dropwise over 1 hour with vigorous stirrimgfter 5 minutes the solvent was

removed in vacuo Purification by flash chromatography (10% ethydetate in
petroleum ether) afforded a pale yellow solid (64)nH NMR and subsequent
calculations indicated that this mixture was 66%a1Bss400 (42 mg, 0.20 mmol, 18%
yield) and 34%105 (22 mg, 0.06 mmol, 5% yield).

84 (600 MHz, CDC}) 8.16 (br s, 1H, H-10), 7.28 (s, 1H, H-5), 6.01 8, H-2), 3.53
(s, 2H, H-12 and H-13), 3.23 (tt, 18= 10.0 and 3.6, H-9), 3.14 (it, 28 = 10.3 and
3.5, 2 x H-18), 2.11-2.04 (m, 4H), 1.96-1.94 (m,)1H83-1.74 (m, 5H), 1.66-1.53 (M,
7H), 1.46-1.32 (m, 11H), 1.29-1.24 (m, 2K} (125 MHz, CDC}) 175.08 (C11 and
C14), 169.54 (C=0), 168.20 (C=0), 151.77 (C3), 168C2), 47.24 (CH), 45.13 (CH),
44.65 (CH), 33.51 (4 x Chi, 33.01 (4 x CH), 32.18 (2 x CH), 25.71 (C6), 25.59 (2 x
C15), 25.56 (2 x Ch; IR (solid, cm') 3284 (w), 2931 (m), 1771 (w), 1713 ($)S
(Cl+) m/z (relative intensity): 212 ([M+H], 100), 130 (10)x&ct Mass Calcd for [C-
10H13NO,S]+H requirean/z186.0745 Found 212.0752 (Cl+);

401. 3-Phenylsulfanyl-pyrrole-2,5-dione

To 289 (100 mg, 0.56 mmol) in methanol (30 mL) was adttedphenol (57uL, 0.56
mmol) and sodium acetate trihydrate (136 mg, 0.580fh in methanol (30 mL)
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dropwise over 1 hour with vigorous stirring. Afeminutes the solvent was removad

vacua Purification by flash chromatography (gradienitiein in 10% ethyl acetate in
petroleum ether to 30% ethyl acetate in petroletimerg afforded401 as a pale yellow
solid (22 mg, 0.11 mmol) in 19% yield.

dn (600 MHz, CDC}) 7.56 (dd, 2HJ = 7.8 and 1.6, 2 x H-7), 7.50-7.48 (m, 3H, 3 X
Ar), 5.63 (s, 1H, H-2)3c (125 MHz, CDC}) 169.42 (C=0), 167.98 (C=0), 153.60
(C3), 134.45 (2 x Ar-H), 130.68 (C5), 130.42 (2 k), 127.27 (C8), 119.91 (C2); IR
(oil, cm™) 3265 (m), 1770 (m), 1701 (YIS (Cl+) mVz (relative intensity): 206 ([M+H],
100), 111 (40); Exact Mass Calcd for1{8;NO,S]+H requiresm/z 206.0276 Found
206.0273 (CI+); m.p. 120-13Z; UV (Acetonitrile):335 = 8500 critM ™,

403a. (4RS, 5SR, 7SR)-(2-Aza#rtbutylsulfanyl-5-phenyl-bicyclo[3.2.0]heptan-
1,3-dione,  403b. (4RS, 5RS, 7SR)-(2-azaettbutylsulfanyl-5-phenyl-

bicyclo[3.2.0]heptan-1,3-dione,and 404. 4RS, 6SRSR)-(2-aza-4tertbutylsulfanyl-

6-phenyl-bicyclo[3.2.0]heptan-1,3-dione and 404. RS, 6RS, 7SR)-(2-aza-4-
tertbutylsulfanyl-6-phenyl-bicyclo[3.2.0]heptan-1,3-dioe.

o] 0
No NOe H N H o
6 1 o ‘ 1 H
e 6 ‘
7 7

H//,,// . NH 2 H NH 2
y 4 NH
10 10 N5
5 4 3 S 3
T
9 O o9 S (o) d
\ / 10 13 12 10 13 12 (¢}
8 8
9 9
12 12 12 12
403a 403b 404

Crude399 (26 mg, of which 19 mg, 0.102 mmol w89 was dissolved in acetonitrile
(20 mL). The resulting solution was degassed fom80utes, styrene (13gL, 1.16
mmol) added and irradiated in pyrex glassware faridutes with stirring. The solvent
was removedn vacuoand purification by flash chromatography (gradiehttion in
petroleum ether to 20% ethyl acetate in petroletirerg afforded402 as a yellow solid
(7 mg, 0.025 mmol, data matched that previoushaioktd) in 100% vyield and033
403b and 404 together as a colourless oil (27 mg, 0.075 mmolP2%, based on
thiomaleimide399, as a mix of diastereocisomers. NMR investigatimascated that the
mixture was a 13:87 ratio @03a403b,
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dn (600 MHz, CDCY) 8.66 (s, 1H, H-g), 8.43 (s, 1H, H-g, 7.37-7.21 (m, 10H, 5 x Ar-
Hy and 5 x Ar-H), 4.05 (app t, 1H) = 9.3, H-5), 3.96 (app t, 1HJ = 9.3, H-5), 3.44
(dd, 2H,J = 10.8 and 2.8, Hx/and H-%), 3.20-3.11 (m, 2H, H-6, and HH-6,), 2.65-
2.56 (m, 2HHH;6 andHH.-6), 1.34 (s, 9H, 3 x §H12), 1.25 (s, 9H, 3 x K12); o¢c
(150 MHz, CDC}) 179.58 (C=@), 177.74 (C=@Q), 177.69 (C=@), 175.70 (C=Q),
136.34 (C1J), 135.36 (C14), 128.88 (2 x Ar-H), 128.67 (2 x Ar-H), 128.20 (2 x Ar-
Hp), 128.07 (Ar-H), 128.02 (Ar-H), 127.52 (2 x Ar-H), 57.81 (C13, 57.56 (C19),
48.97 (Ch), 48.90 (CYH), 46.34 (C4), 45.08 (C¥), 32.56 (3 x Clg), 32.42 (3 x C13,
26.28 (Cg), 25.82 (C@ Two carbon signals are missing from the minostieomer,
proposed as due to overlap of the diastereomer@ilRen?) 3210 (w), 2962 (w), 1771
(m), 1708 (s); MS (Cl+nv/z (relative intensity): 290 ([M+H], 100), 234 (75)x&ct
Mass Calcd for [GsH1dNO,S]+H requiresm/z290.1215 Found 290.1206 (CI+)

406a. (4RS, 5SR, 7SR)-2-Aza-4-cyclohexylsulfanylpbienyl-bicyclo[3.2.0]heptan-
1,3-dione and 406b. (4RS, 5RS, 7SR)-2-aza-4-cyclgyisulfanyl-5-phenyl-
bicyclo[3.2.0]heptan-1,3-dione

No NOe H ? NOe H ?
6 L 1
H 7

NH 2 NH 2

I

H 7, w,

10 5

\”@ @

Crude400 (42 mg, of which 29 mg, 0.14 mmol wad60) was dissolved in acetonitrile
(27 mL). The resulting solution was degassed fom8Qutes, styrene (15pL, 1.36
mmol) added and irradiated in pyrex glassware faridutes with stirring. The solvent
was removedn vacuoand purification by flash chromatography (gradiehttion in
petroleum ether to 20% ethyl acetate in petroletiherg afforded405 as a yellow
powder (4 mg, 0.012 mmol, data matched that prelWoabtained) in 29% vyield and
406a and 406b as a colourless oil (32 mg, 0.101 mmol) in 74% asnia of
diastereoisomers. NMR investigation indicated tiit mixture was a 83:17 ratio of
406a:406b
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dn (600 MHz, CDC}) 8.76 (br s, 1H, H-2, 8.50 (br s, 1H, H4), 7.39-7.23 (m, 10H, 5
X Ar-Hz and 5 x Ar-H), 4.06 (app t, 1H) = 8.9, H-5), 3.97 (dd, 1HJ = 10.2 and 8.4,
H-5p), 3.26 (dd, 1HJ = 10.5 and 5.3, HyJ, 3.20 (dd, 1HJ = 11.0 and 3.4, H4), 3.13-
3.04 (m, 2HHH-6, andHH-6), 2.90 (tt, 1H,J = 10.7 and 3.9, H-1} 2.68-2.58 (m,
3H, HH-6, HH-6, and H-15), 1.89-0.82 (m, 20H)pc (150 MHz, CDCY) 178.9
(C=0), 177.93 (C=@), 177.86 (C=@), 175.19 (C=@), 136.75 (C1J), 136.40 (C13)),
128.88 (2 x Ar-H), 128.72 (Ar-H), 128.31 (2 x Ar-H), 128.01 (Ar-H), 127.35 (Ar-
Hp), 57.56 (C4), 57.31 (C4), 48.41 (C§), 46.74 (CY), 45.27 (C¥), 44.72 (C3), 43.80
(C15), 42.81 (C19), 35.21 (CH.y), 34.90 (CH.y), 34.20 (CH.y, 33.74 (CH.,), 26.14
(C6,), 26.02 (C§), 25.49 (CH.,), 25.41 (CH.,) Two diastereomers are indicated, thus
one carbon signal is missing due to overlap ofdiastereomers; IR (oil, cm) 3209
(w), 2929 (m), 1771 (m), 1706 (s); MS (Clrjz (relative intensity): 316 ([M+H], 100),
212 (25); Exact Mass Calcd for {§1,;NO,S]+H requiresm/z 316.1371 Found
316.1367 (Cl+)

407a. (4RS, 5SR, 7SR)-2-Aza-4-phenylsulfanyl-5-phdrbicyclo[3.2.0]heptan-1,3-

dione

NH 2

10
\ / 15
13

407b. (4RS, 5RS, 7SR)-2-Aza-4-phenylsulfanyl-5-ph@rbicyclo[3.2.0]heptan-1,3-
dione
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401 (17 mg, 0.082 mmol) was dissolved in acetonitrdd (ML). The resulting solution
was degassed for 30 minutes, styrene (ilL10.82 mmol) added and irradiated in
pyrex glassware for 5 minutes with stirring. Thdveat was removedn vacuoand
purification by flash chromatography (gradient glatin petroleum ether to 30% ethyl
acetate in petroleum ether) affordéd7aas a colourless oil (1.5 mg, 0.005 mmol) in
6% yield and407bas a colourless oil (17.5 mg, 0.056 mmol) in 67etdy

407a.8y (600 MHz, CDC}) 8.05 (s, 1H, 2-H), 7.42-7.41 (m, 2H, 2 x Ar-H)33-7.17
(m, 8H, 8 x Ar-H), 4.05 (app t, 1H,= 10.1, H-5), 3.29 (dd, 1H,=13.0 and 5.5, H-7),
3.01 (app td, 1H) = 13.0 and 10.3, H-6), 2.56 (ddd, 1HJ = 13.4, 10.1 and 5.6JH-
6); dc (150 MHz, CDCY) 176.69 (C=0), 174.10 (C=0), 136.56 (C11), 13@DX Ar-
H), 130.13 (Ar-H), 129.66 (2 x Ar-H), 129.28 (C14p8.72 (2 x Ar-H), 128.01 (Ar-H),
127.32 (2 x Ar-H), 60.59 (C4), 46.32 (C5), 43.70/)C25.51 (C6); IR (oil, ci) 3226
(w), 2925 (w) 1715 (s); MS (Cl+y/z (relative intensity): 310 ([M+H], 10), 206 (30),
111 (100); Exact Mass Calcd for {§E;5sNO,S]+H requiresm/z 310.0902 Found
310.0901 (ClI+).

407b. 5y (600 MHz, CDCY) 8.24 (s, 1H, NH), 7.43-7.30 (m, 6H, 8 x Ar-H)27:7.24
(m, 2H, 2 x Ar-H), 4.13 (app t, 1H, = 9.0, H-5), 3.20-3.13 (m, 2H,HH6 and H-7),
2.55 (ddd, 1HJ = 13.4, 8.3 and 5.&1H-6); 6c (150 MHz, CDC}) 177.99 (C=0),
177.17 (C=0), 135.80 (C11), 135.80 (2 x Ar-H), B2 (Ar-H), 129.54 (2 x Ar-H),
128.95 (C15), 128.51 (2 x Ar-H), 128.45 (2 x Ar-HR8.22 (Ar-H), 60.72 (C4), 45.80
(C5), 43.39 (C7), 25.20 (C6); IR (oil, €N3211 (w), 1772 (w) 1707 (s); MS (Cl#yz
(relative intensity): 310 ([M+H], 50), 206 (100)04 (40); Exact Mass Calcd for
[C18H1sNO,S]+H requiresn/z310.0902 Found 310.0905 (CI+).

413. 3-(1-Ethyl-2-hexylsulfanyl-butyl)-pyrrole-2,5dione (one diastereomer of

undefined stereochemistry)

11

10
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342 (25 mg, 0.116 mmol) was dissolved in acetonitfdé.1 mL) andranshex-3-ene
(3.9 mL, 11.6 mmol). The resulting solution was aeged for 30 minutes and irradiated
in pyrex glassware for 5 minutes with stirring. T$@vent was removenh vacuoand
purification by flash chromatography (gradient glatin petroleum ether to 30% ethyl
acetate in petroleum ether) affordéti3 as a colourless oil (2 mg, 0.007 mmol) in 6%

yield, a single diastereomer of undetermined nedastereochemistry.

dn (600 MHz, CDCY4) 7.32 (br s, 1H, NH), 6.49 (s, 1H, H-2), 2.92 (dd#i, J = 10.8,
6.3 and 4.6, H-12), 2.83 (ddd, 1= 12.8, 9.4 and 5.24H-11), 2.75 (dd, 1HJ = 10.9
and 5.9, H-13), 2.62 (ddd, 1d,= 12.7, 9.6 and 6.7, #11), 2.07-2.00 (m, 1H, H-
17), 1.89-1.83 (m, 1H, H-15), 1.79-1.40 (m, 6HHH-15, HH-17 and 2 x Ch), 1.33-
1.30 (m, 4H, 2 x Ch), 1.10 (t, 3H,J = 7.5, H-16), 0.92 (t, 3H,) = 7.4, CH), 0.89 (t,
3H,J = 7.0, CH); 8¢ (150 MHz, CDC}) 171.00 (C=0), 169.53 (C=0), 149.76 (C3),
129.27 (C2), 62.54 (C13), 51.16 (C11), 40.42 (CB2)48 (CH), 28.65 (CH), 23.65
(CHy), 23.32 (CH), 22.52 (CH), 17.23 (C17) 14.11 (CHl 13.96 (CH), 12.33 (CH);
IR (oil, cm*) 2962 (m) 1717 (s); MS (Cl+#)Vz (relative intensity): 314 ([M+QO], 75),
180 (100); Exact Mass Calcd for {§E,7/NO,S]+O requiresm/z 314.1790 Found
314.1799 (Cl+).

431. 3-But-3-enylamino-pyrrole-2,5-dione

To 3-butenylamine hydrochloride (200 mg, 1.12 mnaiy sodium acetate (184 mg,
2.24 mmol) in methanol (15 mL) was add289 (200 mg, 1.12 mmol) dropwise in
methanol (15 mL). After 10 minutes, solvent was ogedin vacuoand purification by
flash chromatography (10% ethyl acetate in petrolather) affordedt31 as a bright
yellow waxy solid (142 mg, 0.85 mmol) in 76% vyield.

84 (500 MHz, CDCY) 7.10 (s, 1H, NH), 5.77 (ddd, 1H,= 17.4, 10.7 and 6.9, H-2),

5.38 (s, 1H, NH), 5.18-5.15 (m, 2HpH), 4.83 (s, 1H, H-6), 3.24 (t, 2H,= 6.7, H-4),
2.40 (dtd, 2H,) = 6.9, 6.9 and 6.8, #B); 5¢c (125 MHz, CDC}) 171.94 (C=0), 167.45
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(C=0), 149.53 (C5), 133.89 (C2), 118.51 (C1), 85@6), 43.30 (C4), 32.68 (C3); IR
(solid, cm®) 3290 (m), 1703 (m), 1629 (s); MS (E®njz (relative intensity): 165 ([M-
H], 100); Exact Mass Calcd for §H10N2-O,]-H requiresm/z165.0659 Found 165.0664
(ES-); m.p. 68-76C; UV (Acetonitrile)€,41 = 8300 andass = 6100 critM ™.

432. 3-But-3-enylsulfanyl-pyrrole-2,5-dione

To a solution of sodium (22 mg, 0.96 mmol) in methia(20 mL) at 0°C was added
437 (200 mg, 0.96 mmol) in methanol (5 mL) and theusoh stirred for three hours.
This solution was then added dropwise to a solutib289 (170 mg, 0.96 mmol) in
methanol (20 mL) at 6C and stirred for ten minutes. The solvent was Rexdan
vacuoand purification by flash chromatography (gradiehition in petroleum ether to
20% ethyl acetate in petroleum ether) afford8@ as a pale yellow solid (72 mg, 0.39
mmol) in 41% vyield.

81 (600 MHz, CDC4) 7.38 (s, 1H, H-5), 6.06 (s, 1H, H-2), 5.82 (di}, J = 17.0, 10.2
and 6.6, H-7), 5.18-5.13 (m, 2H,48), 2.98 (t, 1HJ = 7.4, H-9), 2.52-2.49 (m, 2H,
H,-8); 8¢ (125 MHz, CDC}) 169.03 (C=0), 167.64 (C=0), 152.37 (C3), 134.C7)(
118.46 (C2), 117.91 (C6), 31.88 (C8), 31.32 (CR){dolid, cm®) 3158 (m), 1762 (m),
1703 (s); MS (Cl+)m/z (relative intensity): 184 ([M+H], 35), 105 (35), §62), 84
(100); Exact Mass Calcd for §89NO,S]+H requiresm/z 184.0432 Found 184.0438
(ES-); m.p. 85-96C; UV (Acetonitrile)esss = 6800 andisss = 4600 critM ™,

434. Methanesulfonic acid but-3-enyl ester
Q 5
T
1/\/\0/\\
8 ¢
To 3-buten-1-ol (2 mL, 23 mmol) and triethylamin&.8 mL, 56 mmol) in
dichloromethane (50 mL) at € was added methane sulfonyl chloride (3.62 mL, 47
mmol) in dichloromethane (5 mL). The reaction wased at 0°C for 1 hour and then

allowed to come to room temperature. The solverd reanovedn vacuoand residue
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dissolved in ethyl acetate (25 mL), washed withenB x 25 mL), brine (25 mL) and
dried over MgSQ@ The solvent was removed to affo484 as a brown oil (2.99 g, 20
mmol) in 87% vyield.

oy (500 MHz, CDCY) 5.78 (ddt, 1HJ =17.0, 10.2 and 6.8, H-2), 5.20-5.14 (m, 2K H
1), 4.26 (t, 2H,J = 6.7, H-4), 3.00 (s, 3H, &5), 2.53-2.48 (m, 2H, H3); 5c (125
MHz, CDCE) 132.48 (C2), 118.59 (C1), 68.93 (C4), 37.58 (GH).62 (C3): IR (oil,
cm™) 2942 (m), 1349 (s); No mass ion found.

437. Thiobenzoic acids-but-3-enyl ester*?

To an ice-cold solution of diethyl azodicarboxyla(2.19 mL, 13.8 mmol) in
tetrahydrofuran (10 mL) was added a solution gbhtenylphosphine (3.64 g, 13.8
mmol) in tetrahydrofuran (40 mL). The yellow sohrti was stirred at 6C for 30
minutes. But-3-en-1-ol (500 mg, 6.9 mmol) and teiokoic acid (1.92 g, 13.8 mol) in
tetrahydrofuran (30 mL) were added at®@under argon. The reaction was allowed to
come to room temperature and stirred for a furtiverhours. The solvent was removed
in vacuoand purification by flash chromatography (gradiehittion in petroleum ether
to 5% ethyl acetate in petroleum ether) afford8d as a volatile orange oil (1.3 g, 6.6

mmol) in 96% vyield.

84 (600 MHz, CDC}) 7.96 (dd, 2H,J = 8.2 and 1.1, 2 x Ar-H), 7.58-7.55 (m, 1H, H-5),
7.45 (t, 2HJ = 8.2, 2 x Ar-H), 5.85 (ddt, 1H,= 16.9, 10.2 and 6.6, H-8), 5.13 (dd, 1H,
J=17.1 and 1.4, H-9), 5.07 (dd, 1HJ = 10.1 and 1.4HH-9), 3.14 (t, 2HJ = 7.2, B-

6), 2.43 (m, 2H, K7); 6c (150 MHz, CDC}) 129.02 (C1), 137.22 (C2), 136.27 (C8),
133.43 (C5), 128.70 (2 x Ar-H), 127.32 (2 x Ar-H)16.69 (C9), 33.77 (C6), 28.39
(C7); IR (film, cmi') 2979 (w), 1661 (s); MS (Cl4)Vz (relative intensity): 193 ([M+H],
10), 105 (100); Exact Mass Calcd for1f8:,0S]+H requiresm/z 193.0687 Found
193.0692 (ClI+).
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438. (4RS, 6SR, 10RS)-2,9-Diazatricyclo[5.3.8°dldecan-1,3-dione

O
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431 (42 mg, 0.25 mmol) was dissolved in acetonitrié (nL). The resulting solution
was degassed for 30 minutes and irradiated in pgtagsware for 4 minutes with
stirring. The solvent was removeaad vacuoand purification by flash chromatography
(gradient elution in ethyl acetate to 5% methamokihyl acetate) affordedi38 as an
off-white solid (39 mg, 0.23 mmol) in 93% yield.

dn (500 MHz, CDCY¥) 3.50 (ddd, 1HJ = 11.8, 4.8 and 2.6, H#8), 3.18-3.12 (m, 2H,
HH-8 and H-6), 2.98 (dd, 1H, = 10.7 and 3.9, H-4), 2.21 (ddd, 1H= 13.2, 8.6 and
4.0, HH-5), 2.01 (ddd, 1H, 13.4, 10.5 and 384-5), 1.79 (m, 2H, b7); 8¢ (125 MHz,
CDCls) 179.04 (C=0), 178.95 (C=0), 70.85 (C10), 48.48)(@4.25 (C4), 43.82 (C6),
32.93 (C7) 24.96 (C5); IR (solid, ¢tn 3198 (m), 2944 (m), 1701 (s); MS (Eiyz
(relative intensity): 166 (M+, 45), 125 (100); Exadass Calcd for [gH10N2O2]+
requiresm/z166.07387 Found 166.07386 (El); m.p. 110-a3

439. (4RS, 6SR, 10SR)-2-Aza-9-thiatricyclo[5.3.0%]decan-1,3-dione 664

432 (42 mg, 0.25 mmol) was dissolved in acetonitrié (nL). The resulting solution
was degassed for 30 minutes and irradiated in pgtagsware for 4 minutes with
stirring. The solvent was removeaad vacuoand purification by flash chromatography
(gradient elution in ethyl acetate to 5% methamoktihyl acetate) affordedi39 as an
off-white solid (39 mg, 0.23 mmol) in 93% yield

on (500 MHz, CDC4) 3.50 (ddd, 1HJ = 11.8, 4.8 and 2.6, H#8), 3.18-3.12 (m, 2H,
HH-8 and H-6), 2.98 (dd, 1H, = 10.7 and 3.9, H-4), 2.21 (ddd, 1H= 13.2, 8.6 and
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4.0, HH-5), 2.01 (ddd, 1H, 13.4, 10.5 and 3#8-5), 1.79 (m, 2H, K 7); ¢ (150 MHz,
MeOD) 181.44 (C=0), 180.54 (C=0), 64.01 (C10), 3q@6), 48.95 (C4), 37.78 (C8),
36.20 (C7), 26.07 (C5); IR (solid, 3218 (w), 1768 (m), 1709 (s); MS (Etyz
(relative intensity): 166 (M+, 45), 125 (100); Exadass Calcd for [gH1oN2Oo]+
requiresm/z166.07387 Found 166.07386 (El); m.p. 155-160

440. 3-(4-But-3-enylamino-2,5-dioxo-2,5-dihydro-1Hpyrrol-3-ylsulfanyl)-2R-tert-
butoxycarbonylamino-propionic acid methyl ester

S
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To 293 (50 mg, 0.12 mmol) in methanol (10 mL) was addemmaballyl amine
hydrochloride (13 mg, 0.12 mmol) and triethylam{@@ pL, 0.12 mmol) in methanol (5

mL), whereupon the solution turned yellow. The tescwas left stirring for 16 hours
and the solvent was removadvacuo.Purification by flash chromatography (gradient
elution 10% ethyl acetate in petroleum ether to 4%yl acetate in petroleum ether)
afforded440 as a bright yellow oil (36 mg, 0.09 mmol) in 75%lg and293 starting
material (13 mg, 0.03 mmol) in 14%.

84 (500 MHz, CDC4) 7.68 (s, 1H, H-5), 5.79 (ddt, 1H,= 16.9, 10.1 and 6.8, H-14),
5.63 (d, 1H,J = 6.2, 8-NH), 5.20-5.15 (m, 2H,,H.3), 4.50-4.47 (m, 1H, H-9), 3.88-
3.84 (m, 2H, H-16), 3.70 (s, 3H, K11), 3.18-3.07 (M, 2H, H12), 2.44-2.40 (m, 2H,
Hy-15), 1.85 (br s, 1H, NH), 1.43 (s, 9H, 3 %-6); 5c (125 MHz, CDC4) 170.25

(C=0), 169.76 (C=0), 164.55 (C=C), 163.22 (br, C=0§1.64 (br, C=0), 154.29
(C=C), 132.78 (C14), 117.55 (C13), 79.23 (C7), BAE9), 51.83 (C11), 41.25 (C16),
30.47 (C15), 28.68 (C12), 27.23 (3 x C6); IR (city?) 3305 (w), 2928 (w), 1711 (s),
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1627 (s); MS (Cl+)/z (relative intensity): 399 (M+, 10), 300 (15), 14B00); Exact
Mass Calcd for [&H2sN3OS]+ requiresm/z 399.1459 Found 399.1464 (Cl+); UV
(Acetonitrile) €210 = 13900575 = 343 cmM ™,

442. 3-Bromo-4-but-3-enylamino-pyrrole-2,5-dione

To 2,3-dibromomaleimide (100 mg, 0.39 mmol) in nael (10 mL) was added
homoallyl amine hydrochloride (42 mg, 0.39 mmoldanethylamine (55uL, 0.39
mmol) in methanol (10 mL). After 5 minutes the soiv was removeth vacuoand
purification by flash chromatography (gradient mlnt petroleum ether to 20% ethyl
acetate in petroleum ether) affordél as a white powder (45 mg, 0.18 mmol) in 47%

yield.

dn (500 MHz, CDCY) 7.58 (s, 1H, H-5), 5.78 (ddt, 1K,= 16.2, 10.4 and 6.9, H-8),
5.47 (s, 1H, 6-NH), 5.19-5.15 (m, 2H,#), 3.73-3.71 (m, 2H, H6), 2.44-2.39 (m,
2H, Hy-7); 8¢ (125 MHz, CDCJ) 172.40 (C=0), 167.42 (C=0), 165.70 (C=C), 143.61
(C=C), 133.63 (C8), 118.69 (C9), 41.89 (C6), 346%); IR (solid, crit) 3232 (w),
1724 (s); MS (Cl+)n/'z (relative intensity): 245 (M+, 100), 165 (90); Exdtass Calcd
for [CgHgN,O,Br]+ requiresm/z244.9926 Found 244.9928 (Cl+); m.p. 214-2C8 UV
(Acetonitrile) €241 = 8600 andzes = 6600 critM ™.

446a and 446b. (4S, 5R, 7R)-2-Aza-4-([2ert-butoxycarbonylamino-3-sulfanyl]
propionic acid methyl ester)-5-phenyl-bicyclo[3.2.Theptan-1,3-dione and (4R, 5S,
7S)-2-aza-4-([2Rtert-butoxycarbonylamino-3-sulfanyl] propionic acid mehyl
ester)-5-phenyl-bicyclo[3.2.0]heptan-1,3-dione
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Postulated as isolated diastereomers after 2nancolu

447a and 447b. (4S, 5S, 7R)-2-Aza-4-([2B+-butoxycarbonylamino-3-sulfanyl]

propionic acid methyl ester)-5-phenyl-bicyclo[3.2.heptan-1,3-dione and (4R, 5R,
7S)-2-aza-4-([2Rtert-butoxycarbonylamino-3-sulfanyl] propionic acid metyl

ester)-5-phenyl-bicyclo[3.2.0]heptan-1,3-dione
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Postulated as components of the complex mixtuoagsided46aand446b after 1st column

Method 1: 291(39 mg, 0.12 mmol) was dissolved in acetonitrd@ (nL). The resulting
solution was degassed for 30 minutes, styrene (il3.6.2 mmol) added and irradiated
in pyrex glassware for 5 minutes with stirring. T¢wvent was removeth vacuoand

'H NMR indicated a complex mixture of diastereomeRurification by flash
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chromatography (gradient elution in petroleum etbeB0% ethyl acetate in petroleum
ether) afforded a white solid (34 mg, 0.078 mmolb8% yield that was postulated as a
mixture of the four diastereomers showipa, 446b447aand447hb overlap of signals
prevented NOe analysis at this stage. Further aolahromatography afforded46a
and 446b as a white solid (12 mg, 0.028 mmol) in 23%. NMfRéstigations showed
the mixture was 1:1 adi:b. Reanalysis of the crude suggests that almogtealks are

from these four compounds.

Method 2: 291(39 mg, 0.12 mmol) was dissolved in acetonitrd@ (L). The resulting
solution was degassed for 30 minutes, styrene (18,60.12 mmol) added and
irradiated in pyrex glassware for 5 minutes withristy. The solvent was removed
vacuoand purification by flash chromatography (gradiehttion in petroleum ether to
30% ethyl acetate in petroleum ether) afforded &enbolid (27 mg, 0.062 mmol) in
52% vyield as a mixture of the same four major eiEsimers as in Method 246a,
446b,447aand447h Further purification of this mixture was not uniaéen.

dn (600 MHz, CDCY) 8.08 (s, 2H, 2 x H-2), 7.40-7.31 (m, 10H, 10 xHY, 5.0 (d, 1H,
J=8.2, H-15), 4.9 (d, 1H] = 7.5, H-15), 4.26-4.23 (m, 1H, H-16), 4.18-4.12 (H,
H-16), 4.06 (app t, 2H] = 8.5, 2 x H-5), 3.69 (s, 3H,3+8), 3.674 (s, 3H, £18), 3.19
(ddd, 1H,J=11.0 and 2.4, H-7), 3.11 (dd, 1H= 11.0 and 3.2, H) 3.04-2.93 (m, 3H,
2 X HH-6 and HH-19), 2.91 (dd, 1HJ = 12.8 and 6.6, H-19), 2.64-2.60 (m, 2H, 2 X
HH-6), 2.51 (dd, 1HJ = 12.8 and 4.6:H-19), 2.43 (dd, 1HJ = 13.0 and 7.31H-19),
1.45 (s, 9H, 3 x B12), 1.43 (s, 9H, 3 x #12); 5c (150 MHz, CDC}) 178.41 (C=0),
177.25 (C=0), 177.20 (C=0), 171.40 (C=0), 171.16QF 170.98 (C=0), 155.28
(C=0), 155.18 (C=0), 136.28 (C11), 136.25 (C118.922 (2 x Ar-H), 128.93 (2 x Ar-
H), 128.49 (2 x Ar-H), 128.46 (2 x Ar-H), 128.388); 128.33 (C8), 80.44 (2 x C13),
56.71 (C4), 56.48 (C4), 53.03 (C16), 52.87 (C1@.78 (C18), 52.75 (C18), 45.92
(C5), 45.82 (C5), 43.76 (C7), 43.61 (C7), 31.28)(CHL.09 (C6), 28.38 (6 x C12),
26.33 (C19), 26.21 (C19); IR (oil, ¢h 3215 (w), 2971 (w) 1738 (s), 1715 (s); MS
(Cl+) m/z (relative intensity): 435 ([M+H], 10), 379 (30), 33100); Exact Mass Calcd
for [Co1H26N>0sS]+H requiresn/z435.1590 Found 435.1576 (Cl+); m.p. 78°@0

448a. (4S, 5R, 7R)-2-Aza-4-(2R-acetylamind-benzyl-3-sulfanyl-propionamide)-5-
phenyl-bicyclo[3.2.0]heptan-1,3-dione and 448b. (4R 5S, 7S)-2-aza-4-(2R-
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acetylamino-N-benzyl-3-sulfanyl-propionamide)-5-phenyl-bicyclo[32.0]heptan-
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Method 1: 291(58 mg, 0.17 mmol) was dissolved in acetonitid@ (L). The resulting
solution was degassed for 30 minutes, styrene |(191.70 mmol) added and irradiated
in pyrex glassware for 5 minutes with stirring. Td@vent was removenh vacuoand
purification by flash chromatography (gradient ot in 30% ethyl acetate in
petroleum ether to 10% methanol in ethyl acetatiyded 448aand 448bas a 1:1
mixture (57 mg, 0.127 mmol) in 78%. Further coluamomatogtraphy afforded an off-
white solid (14 mg, 0.031 mmol) in 19% vyield, whialas one pure diastereomer that
showed no through-space interactions between thtens indicated. The data below is
for the isolated diastereomer, but it was not aeméhether it was a or b. Reanalysis of

the crude reaction mixture suggested that almbgeaks are frod48aand448h.

Method 2: 291 (29 mg, 0.084 mmol) was dissolved in acetonit(®® mL). The
resulting solution was degassed for 30 minutesesey/(10uL, 0.084 mmol) added and
irradiated in pyrex glassware for 5 minutes withristy. The solvent was removed

vacuoand *H NMR indicated a complex mixture of diastereomibrat appear be the
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desired conjugation. Purification by flash chrongaéphy (gradient elution in 30%
ethyl acetate in petroleum ether to 10% methanetliyl acetate) afforded an off-white
solid (33 mg, 0.073 mmol) in 87% as a mixture of twvo diastereomeré48a and
448b, assigned from lack of through space interactior’isD NMR experiments.

dn (600 MHz, CDCY) 8.69 (s, 1H, H-2), 7.36-7.26 (m, 8H, 8 x Ar-H)18 (d, 2H,J =
7.0, 2 x Ar-H), 6.65 (t, 1H) = 5.6, H-17), 6.51 (d, 1H] = 1.2, H-14), 4.33 (d, 2H] =
6.0, H-18), 4.30 (dt, 1HJ = 5.4 and 1.2, H-15), 4.05 (app t, 1H; 8.9, H-5), 3.16 (dd,
1H,J=11.1 and 3.1, H-7), 3.04 (ddd, 1H+ 12.8, 11.1 and 8.9,HH6), 2.94 (dd, 1HJ
= 13.3 and 5.6, H-23), 2.59 (ddd, 1HJ] = 12.5, 8.9 and 3.4JH-6), 2.31 (dd, 1HJ =
13.6 and 5.3HH-23), 1.98 (s, 3H, K12); 6c (150 MHz, CDC}) 179.07 (C=0), 176.97
(C=0), 171.10 (C=0), 169.67 (C=0), 137.67 (Ar), 135 (Ar), 129.02 (2 x Ar-H),
128.80 (2 x Ar-H), 128.55 (2 x Ar-H), 128.35 (Ar-H)28.78 (2 x Ar-H), 127.66 (Ar-
H), 57.44 (C4), 52.61 (C15), 46.09 (C5), 43.68 (CG13.66 (C18), 30.58 (C6), 26.15
(C23), 23.17 (C12); IR (oil, c) 3283 (w), 1714 (s); MS (FAB+nz (relative
intensity): 452 ([M+H], 10), 439 (10), 286 (100);x&t Mass Calcd for [C-
24H2sN30,4S]+H requiresn/z452.1650 Found 452.1644 (FAB+); m.p. 96-204

449. - a mixture of 4 diastereomers. (4S, 5R, 7R)AZza-4-(2S-amino-4-[1R-
(carboxymethyl-carbamoyl)-2-sulfanyl)-ethylcarbamoy]-butyric  acid)-5-phenyl-
bicyclo[3.2.0]heptan-1,3-dione, 4s, 5S, 7R)-2-a#af2S-amino-4-[1R-
(carboxymethyl-carbamoyl)-2-sulfanyl)-ethylcarbamoy]-butyric  acid)-5-phenyl-
bicyclo[3.2.0]heptan-1,3-dione, (4R, 5R, 7S)-2-aZa{2S-amino-4-[1R-
(carboxymethyl-carbamoyl)-2-sulfanyl)-ethylcarbamoy]-butyric  acid)-5-phenyl-
bicyclo[3.2.0]heptan-1,3-dione and (4R, 5S, 7S) —2aza — 4 - (2S —amino - 4 - [1R
- (carboxymethyl - carbamoyl) — 2 - sulfanyl)-ethy¢arbamoyl]-butyric acid)-5-
phenyl-bicyclo[3.2.0]heptan-1,3-dione.
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To glutathione (36 mg, 0.12 mmol) in water (12.5)mtas added®89 (21 mg, 0.12
mmol) in acetonitrile (12.5 mL). The solution wasgdssed for 30 minutes, styrene
(133 uL, 1.20 mmol) added and irradiated in pyrex glagswir 5 minutes with
stirring. The solvent was removeth vacuo to afford 449 as a mixture of
diastereoisomers as a colourless oil (61 mg). Nthéu purification was undertaken.
NMR spectra reported below but complexity of spegirevents clear assignment of the

peaks to a paeticular structure

Su (600 MHz, CDCY) 7.42-7.41 (m, 20H, 20 x Ar-H), 4.80-4.28 (m, 4Hx H-13),
4.13-3.91 (m, 12H, 4 x H-9 and 4 %45), 3.87 (d, 4HJ = 6.5, 4 x H-5), 3.57-2.66 (m,
20H, 4 x H-7, 4 X 6 and 4 x H17), 3.13-2.45 (m, 8H, 4 x#L1), 2.26-2.11 (m, 8H,

4 X H-10); 8¢ (150 MHz, CDC4) 181.77 (2 x C=0), 181.61 (2 x C=0), 180.40 (2 X
C=0), 174.58 (2 x C=0), 174.46 (2 x C=0), 174.42x(£=0), 172.78 (2 x C=0),
172.69 (2 x C=0),172.45 (2 x C=0), 172.42 (2 x C=D)1.90 (2 x C=0), 138.16 (2 x
C21), 138.13 (2 x C21), 130.07 (4 x Ar-H), 130.@4x Ar-H), 129.73 (2 x Ar-H),
129.22 (4 x Ar-H), 128.90 (4 x Ar-H), 127.52 (2 x-K), 58.85 (2 x C4), 58.81 (2 x
C4), 57.10 (2 x CH), 57.04 (2 x CH), 54.31 (2 x CB#.23 (2 x CH), 53.80 (2 x CH),
47.29 (2 x CH), 44.74 (2 x CH), 44.65 (2 x CH), 8B.(2 x CH), 41.81 (2 x Ch),
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32.48 (2 x CH)), 31.26 (2 x CH), 31.11 (2 x CH), 27.18 (2 x CH), 27.11 (2 x CH),
27.05 (2 x CH), 26.94 (2 x CH), 26.71 (2 x CH) Four diastereomers are indicated,
thus one carbon signal is missing due to overlaghefdiastereomers; IR (oil, ¢t
3062 (m), 1711 (s), 1654 (m); MS (ESW (relative intensity): 507 ([M+H], 100), 378
(40); Exact Mass Calcd for peH»6N4OsSsJ+H requiresm/z507.1550 Found 507.1525
(Cl+).

455. 3-Bromo-4-hexylsulfanyl-pyrrole-2,5-dione

To 2,3-dibromomaleimide (300 mg, 1.17 mmol) andiwwod acetate (48 mg, 0.59
mmol) in methanol (100 mL) was added hexanethi@l (B, 0.58 mmol) in methanol
(100 mL) dropwise over 1 hour with vigorous stigirAfter 5 minutes the solvent was
removedin vacuo Purification by flash chromatography (gradienitiein in 10% ethyl
acetate in petroleum ether to 30% ethyl acetatgeinoleum ether) afforded55 as a

pale orange oil (160 mg, 0.55 mmol) in 93% yielddzhon hexanethiol.

Su (500 MHz, CDC}) 7.65 (s, 1H, NH), 3.39 (t, 2H,= 7.4, H-10), 1.72-1.66 (m, 2H,
H,-9), 1.46-1.40 (m, 2H, $8), 1.32-1.29 (m, 4H, 6 and H-7), 0.89 (t, 3H,J = 7.0,
Hs-5); 8¢ (125 MHz, CDC}) 165.05 (C=0), 163.28 (C=0), 144.39 (C=C), 116.95
(C=C), 30.88 (CH), 30.65 (CH), 30.09 (CH), 27.77 (CH), 22.13 (CH), 13.64 (C5);

IR (oil, cm*) 3278 (m), 2926 (m), 1777 (m), 1715 (8)S (EI) m/z (relative intensity):
293 ([M+], 15), 291 ([M+], 15), 84 (100); Exact Ma€alcd for [GoH1aNO,S *Br]+
requiresm/z 290.9923 Found 290.9912 (El); UV (Acetonitrile);o = 18000, €53, =

8600,56, = 3000 andize; = 3700 critM ™.,

456. 3,4-Bis-hexylsulfanyl-pyrrole-2,5-dione
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To 2,3-dibromomaleimide (300 mg, 1.17 mmol) andiwadacetate trinydrate ( 320
mg, 2.35 mmol) in methanol (100 mL) was added hettaal (328uL, 2.34 mmol) in
methanol (100 mL) dropwise over 1 hour with vigaatirring. After 5 minutes the
solvent was removernh vacuo Purification by flash chromatography (gradienttien
in 10% in petroleum ether to 30% ethyl acetateetrggeum ether) afforded56 as a

bright yellow oil (215 mg, 0.65 mmol) in 55% yield.

84 (600 MHz, CDCH) 7.40 (s, 1H, H-5), 3.27 (t, 4H,= 7.8, 2 x H-11), 1.66-1.61 (m,
4H, 2 x H-10), 1.44-1.38 (m, 4H, 2 x#D), 1.04 (m, 8H, 2 x W8 and 2 x H-7), 0.88
(t, 6H,J = 6.5, 2 x H-6); 3¢ (150 MHz, CDC}) 166.23 (C1 and C4), 136.80 (C2 and
C3), 31.92 (2 x C11), 31.39 (2 x K 30.56 (2 x CH), 28.29 (2 x CH), 22.62 (2 X
C7), 14.13 (2 x C6); IR (oil, cM) 3271 (w), 2927 (m) 1770 (m), 1713 (s); MS (FAB+)
Mz (relative intensity): 352 ([M+Na], 85), 329 (30)74 (100); Exact Mass Calcd for
[C16H27N20.S,]+Na requirean/z352.1381 Found 352.1385 (FAB+); UV (Acetonitrile)

€234 = 5400 anCtggs = 4200 CIﬁLM_l.

457a. (4RS, 5RS, 7SR)-2-Aza-4-hexylsulfanyl-5-phdrgrhexylsulfanyl-
bicyclo[3.2.0]heptan-1,3-dione

12

457D. (4RS, S5SR, 7SR)-2-Aza-4-hexylsulfanyl-5-phdrg-hexylsulfanyl-
bicyclo[3.2.0]heptan-1,3-dione
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456 (38 mg, 0.115 mmol) was dissolved in acetonitf@® mL). The resulting solution
was degassed for 30 minutes, styrene ({l33L.2 mmol) added and irradiated in pyrex
glassware for 20 minutes with stirring. The solvews removedin vacuo and
purification by flash chromatography (gradient elntin petroleum ether to 30% ethyl
acetate in petroleum ether) affordéal7aand457btogether as a colourless oil (35 mg,
0.082 mmol) in 70%. NMR investigations showed th&tare was a 1:1 ratio of57a

to 457h. Further purification by flash chromatography afed457aas a colourless oil
(3 mg, 0.007 mmol) in 6% yield artb7bas a colourless oil (3 mg, 0.007 mmol) in 6%
yield. Diastereomers were tentatively assigned tdudrough space interactions seen
via 2-D NMR and the lack thereof.

457a.84 (600 MHz, CDC}) 8.10 (s, 1H, NH), 7.41 (d, 2H,= 6.9, 2 x Ar-H), 7.37 (t,
1H,J = 6.9, H-8), 7.33 (d, 2H] = 6.9, 2 x Ar-H), 3.92 (app t, 1H,= 8.9, H-5), 2.95
(dd, 1H,J = 12.9 and 8.9, H-6), 2.86 (td, 1HJ = 14.2 and 6.9, -S-C#), 2.78-2.66
(m, 2H,HH-6 and -S-EiH-), 2.60 (ddd, 1HJ = 10.9, 8.3 and 6.3, -S-CGH) 2.00 (ddd,
1H,J =10.7, 8.6 and 5.6, -SHH-), 1.65-1.60 (m, 2H, H-16 and HH-22), 1.43-1.06
(m, 14H,HH-16,HH-22 and 6 x Ch), 0.88 (t, 3HJ = 6.7, CH), 0.82 (t, 3HJ = 7.1,
CHg3); 8¢ (150 MHz, CDCY¥) 176.59 (C=0), 176.44 (C=0), 136.03 (C11), 129B&
Ar-H), 128.83 (C8), 128.29 (2 x Ar-H), 62.32 (C8%.58 (C7), 45.33 (C5), 34.85 (C6),
31.48 (CH), 31.33 (CH), 30.51 (CH), 29.21 (CH), 29.06 (CH), 28.90 (CH), 28.76
(CHy), 28.53 (CH)), 22.62 (CH), 22.50 (CH), 14.16 (CH), 14.11 (CH); IR (oil, cri?)
3215 (w), 2926 (m) 1774 (w), 1715 (s); MS (Ch (relative intensity): 432 ([M-H],
5), 329 (60), 207 (100), 161 (60); Exact Mass CétedC,4H35sNO,-S;]-H requiresm/z
432.2026 Found 432.2034 (ClI+).
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457b. 84 (600 MHz, CDC4) 7.96 (s, 1H, NH), 7.33 (d, 2H,= 7.0, 2 x Ar-H), 7.28 (t,
1H,J = 7.0, H-8), 7.21 (d, 2H] = 7.5, 2 x Ar-H), 4.02 (app t, 1H,= 10.0, H-5), 2.98-
2.92 (m, 2H, HH-6 and -S-@IH-), 2.87 (dd, 1H,]J = 13.6 and 10.8HH-6), 2.83-2.72
(m, 2H, -S-CHH- and -S-G1H-), 2.69 (td, 1H,) = 10.8 and 7.4, -S-OHt) 1.68-1.57 (m,
4H, H-16 and H-22), 1.45-1.31 (m, 4H, H15 and H-21), 1.31-1.25 (m, 8H, H13,
H,-14, H-19 and H-20), 0.86 (t, 6H, = 7.0, H-12 and H-18); 5c (150 MHz, CDCY)
176.91 (C=0), 172.96 (C=0), 136.09 (C11), 128.88 (&-H), 128.13 (C8), 127.41 (2
X Ar-H), 62.86 (C4), 54.36 (C7), 46.49 (C5), 33.@%), 31.51 (CH), 31.47 (CH),
30.65 (SCH), 30.09 (SCH), 29.22 (CH), 28.96 (CH), 28.80 (CH), 28.74 (CH),
22.63 (CH), 22.60 (CH), 14.17 (CH), 14.15 (CH): IR (oil, cmi®) 3194 (w), 2928 (m)
1774 (w), 1722 (s); MS (ClHnz (relative intensity): 432 ([M-H], 5), 332 (50), 316
(95), 207 (100); Exact Mass Calcd foroj83sNO,S;]-H requiresm/z432.2026 Found
432.2029 (CI+).

458 — a mixture of 4 diastereomers. (4R, 5R, 7S)A%za-4,7-di(2Riert-

butoxycarbonylamino-3-sulfanyl  propionic acid methy ester)-5-phenyl-

bicyclo[3.2.0]heptan-1,3-dione, (4R, 5S, 7S)-2-adar-di(2Rtert-
butoxycarbonylamino-3-sulfanyl  propionic acid methy ester)-5-phenyl-
bicyclo[3.2.0]heptan-1,3-dione, (4S, 5S, 7R)-2-aZaf-di(2Rtert-

butoxycarbonylamino-3-sulfanyl  propionic acid methy ester)-5-phenyl-
bicyclo[3.2.0]heptan-1,3-dione and 4s, 5R, 7TR)-Za-4,7-di(2Rtert-
butoxycarbonylamino-3-sulfanyl  propionic acid methy ester)-5-phenyl-
bicyclo[3.2.0]heptan-1,3-dione.
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294 (76 mg, 0.135 mmol) was dissolved in acetonitréd® (nL). The resulting solution
was degassed for 30 minutes, styrene (i481.35 mmol) added and irradiated in
pyrex glassware for 30 minutes with stirring. Tlodvent was removeth vacuoand
purification by flash chromatography (gradient ot in 10% ethyl acetate in
petroleum ether to 30% ethyl acetate in petroleuirerg afforded a mixture of
diastereomerg58 as a colourless oil (47 mg, 0.070 mmol) in 60%d/i&MR spectra
reported below but complexity of spectra prevemearcassignment of the peaks. MS
confirmed the identity of the compounds as all hgva mass that indicated conjugation

had taken place.

dn (600 MHz, CDCY) 8.18 (s, 2H, 2 x H-2), 7.95 (s, 2H, 2 x H-2),0~A.26 (m, 16H,
multiple Ar-H), 7.20 (d, 4HJ = 7.5, Ar-H), 5.56 (d, 2H) = 5.8, 2 x 15-NH), 5.50-5.42
(m, 4H, 4 x 15-NH), 5.40 (d, 2H = 7.3, 2 x 15-NH), 4.74-4.55 (m, 6H, multiple H-
14), 4.08-3.87 (m, 10H), 3.80-3.70 (m, 24H, 8 ¥12), 3.70-3.60 (m, 16H), 3.59 (d,
1H,J =4.0), 3.53 (d, 1H]) = 3.5), 3.42-2.75 (m, 20H, contains multiple Hréld+}-18
by HMQC analysis), 1.46-1.42 (m, 74H, 24 %-H7); c (150 MHz, CDC}) 175.94
(C=0), 175.84 (C=0), 175.82 (C=0), 171.10 (C=0)1.04 (C=0), 170.95 (C=0),
155.28 (4 x C11), 129.63 (Ar-H), 129.50 (Ar-H), 128 (Ar-H), 128.88 (Ar-H), 128.80
(Ar-H), 128.75 (Ar-H), 128.59 (Ar-H), 128.53 (Ar-H128.41 (Ar-H), 80.51 (4 x C16),
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80.22 (4 x C16), 55.97 (4 x C), 55.83 (4 x C), 52(8 x C12), 52.93 (4 x C12), 52.71
(4 x C14), 52.61 (4 x C14), 45.25 (4 x C5), 32.@2§), 32.86 (C18), 31.19 (C18),
31.08 (C18), 29.83 (4 x C6), 28.42 (24 x C17) Foastereomers are indicated, thus
thirteen carbon signals are missing due to ovenfathe diastereomers; IR (oil, ¢
2924 (m), 1712 (s); MS (Cl+y/z (relative intensity): 666 ([M-H], 100); Exact Mass
Calcd for [GoH41N3010S;]-H requiresm/z666.2155 Found 666.2188 (Cl+).

462. 2Rtert-Butoxycarbonylamino-3-[4-(2Rtert-butoxycarbonylamino-2-carbonyl-
ethylsulfanyl)-2,5-dioxo-2,5-dihydro-1H-pyrrol-3-ylsulfanyl-N-fluorescein]-

propionic acid methyl ester

To 464 (200 mg, 0.34 mmol)oin methanol (100 mL) was adiheBoc-Cys-OMe (159

mg, 0.68 mmol) and sodium acetate trihnydrate (93 @68 mmol). Purification by
flash chromatography (gradient elution dichlororaeth to 10% methanol in
dichloromethane afforded62 as a bright orange solid (155 mg, 0.17 mmol) if50
yield.

dn (400 MHz, MeOD) 8.11 (s, 1H, H-11), 7.86 (d, 1Hs 8.5, H-Ar), 8.11 (d, 1H] =
8.1, H-Ar), 6.71 (d, 2HJ = 2.4, 2 x H-Ar), 6.70-6.67 (m, 2H, 2 x H-Ar), 8.8dd, 2H,J
=8.7 and 2.3, 2 x H-Ar), 4.64 (s, 2H, 2 x NH), @ {6ld, 2H,J = 8.5 and 4.5, 2 x H-24),
3.99 (dd, 2HJ = 14.1 and 4.1, 2 x H27), 3.79 (s, 6H, 2 x $26), 3.56 (dd, 2HJ =
14.1 and 8.6, 2H, 2 KH-27), 1.43 (s, 18H, 6 x $21); 6c (125 MHz, CDC}) 172.35
(C=0), 170.44 (C=0), 166.16 (C), 161.44 (br, C=0H7.68 (C), 156.63 (C), 154.09
(C), 152.79 (br, C=0), 137.82 (C2 and C3), 134Q§ 134.22 (Ar-H), 130.27 (2 x Ar-
H), 129.12 (C), 126.02 (Ar-H), 123.40 (Ar-H), 118.(Ar-H), 111.00 (Ar), 103.59 (2 x

375



Ar-H), 81.05 (2 x C22), 55.68 (2 x 24), 53.17 (Z26), 34.10 (2 x C27), 28.74 (6 x
21); IR (solid, crt) 3373 (w), 2922 (m), 1742 (m), 1717 (s); MS (E®¥ (relative
intensity): 894 ([M+H], 100); Exact Mass Calcd fi@4:H43N30:5]+H requiresm/z
894.2214 Found 894.2192 (ES+); m.p. 140-1@5UV (Acetonitrile): €421 = 3100,&45,

= 2940 and:4g0 = 2600 critM ™, Aem (intensity, concentration) = 550 nm (81, 1 mM).

463. 3-Bromo-1-fluorescein-pyrrole-2,5-dion&®

Dibromomaleic anhydride (346 mg, 1.95 mmol) waseaoh one portion to a solution
of fluoresceinamine isomer 1 (0.68 g, 1.95 mmol)atetic acid (65 mL) and the
reaction mixture was stirred for 16 hours at ro@mperature in a sealed tube. The
reaction mixture was then heated to 1%D for 3 hours. Upon cooling to room
temperature the precipitate was filtered and ditedfford463as an orange solid (0.72
mg, 1.43 mmol) in 73% yield.

oy (600 MHz, DMSO) 7.99 (d, 1H =1.7, H-11), 7.77 (dd, 1H,=8.2 and 1.9, 1H, H-
7), 7.73 (s, 1H, H-3), 7.43 (d,= 8.2, 1H, H-8), 6.69 (m, 6H, 2 x H-16, 2 X H-27x H-
19); 8¢ (175 MHz, DMSO) 167.93 (C=0), 167.63 (C=0), 164(€80), 159.62 (2 X
C18), 151.79 (2 x C20), 151.52 (C6), 133.68 (C3B.02 (C), 132.90 (C3), 131.23 (C),
129.15 (2 x Ar-H), 126.73 (C), 124.82 (C11), 122(28), 112.77 (2 x Ar-H), 109.08 (2
x 15), 102.30 (2 x Ar-H), 83.36 (C14): IR (solidnd) 3064 (w), 1726 (s); MS (ES+)
m/z, (relative intensity): 508 ([M+H], 95), 506([M+H],QD); Exact mass calcd for
[CoaH1,0/N"Br]+H requires 505.9875 Found 505.9833 (ES+); Oeansolid
decomposes above 180; UV (Acetonitrile): €455 = 6000 andtgo = 6050 cM ™, Aem

(intensity, concentration) = 530 nm (36, d).

464. 3,4-Dibromo-1-fluorescein-pyrrole-2,5-diong®
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Dibromomaleic anhydride (500 mg, 1.95 mmol) waseaoh one portion to a solution
of fluoresceinamine isomer 1 (0.68 g, 1.95 mmol)acetic acid (65 mL) and the
reaction mixture was stirred for 16 hours at roemperature. The reaction mixture was
then heated to reflux for 3 hours and allowed tolcdm room temperature. The
dispersion was filtered to remove impurities and Holvent was removed from the

solution invacuoto afford464 as an orange solid (0.53 g, 0.90 mmol) in 46%dyiel

8y (600 MHz, MeOD) 7.97 (d, 1H,J) = 1.6, H-11), 7.77 (dd, 1H,= 8.2 and 1.7, H-7),
7.43 (d, 1HJ = 8.2, H-8), 6.75-6.55 (m, 6H, 6 x Ar-H)z (125 MHz, MeOD) 169.93
(C), 164.40 (C), 164.26 (C1 and C4), 162.81 (C)1.23 (C), 134.72 (Ar-H), 133.96
(Ar-H), 133.33 (C), 131.04 (2 x C), 130.68 (Ar-HR9.93 (2 x Ar-H), 129.22 (2 x Ar-
H), 126.31 (Ar-H), 121.62 (C), 114.43 (br C), 12 x C); IR (solid, cnf) 3064 (w),
1732 (s); MS (ES-in/z,(relative intensity): 586 ([M-H], 30), 584([M-H],aQD), 582([M-
H], 100); Exact mass calcd for {£1:,:0;N"*Br,]-H requires 581.8824 Found 581.8824
(ES-); Orange solid decomposes above ABOUV (Acetonitrile): €452 = 3580 ancks7g

= 3550 cm'M™, Aem (intensity, concentration) = 521 nm (396, 0.1M).

477. 1-Methyl-3-propylamino-pyrrole-2,5-dione

To propylamine (52uL, 0.78 mmol) and sodium acetate (64 mg, 0.78 mniol)
methanol (30 mL) was add@89 (150 mg, 0.78 mmol) dropwise in methanol (30 mL).
After 10 minutes, solvent was removed vacuo and purification by flash
chromatography (10% ethyl acetate in petroleumrgtiféorded477 as a bright yellow
waxy solid (41 mg, 0.24 mmol) in 31% yield.
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dn (500 MHz, CDC}) 5.43 (s, 1H, NH), 4.80 (s, 1H, H-2), 3.16-3.13, (&, H-9),
2.98 (s, 3H, HB6), 1.71-1.64 (m, 2H, H8), 0.99 (t,J = 7.5, K-7); 6c (125 MHz,
CDCl) 172.71 (C=0), 167.66 (C=0), 149.51 (C3), 83.82)(@6.01 (C9), 23.44 (C6),
21.87 (C8), 11.38 (C7): IR (film, cM) 3317 (m), 2944 (w), 1698 (s), 1651 (s); MS (EI)
nm/z (relative intensity): 168 (M+, 70), 139 (100), 10); Exact Mass Calcd for [C-
gH12N202]+ requiresm/z168.0893 Found 168.0887 (El); UV (Acetonitril)s = 4500

cmiM,

3.iv. RNAP sub-unit H and somatostatin modificationand analysis

Desalting was via Slide-A-Lyzer mini dialysis un{fBhermo Scientific, 2K MWCO) at
5 °C. Insulin (5733.4917 Da, 1 mg/1 mL in®) and Adrenocorticotropic Hormone
Fragment 18-39 (ACTH, 2465.1989, 1 mg/1 mL igOh) were used as calibrants for
RNAP sub-unit H and somatostatin, respectively. iarix used for this study was 3-
(4-hydroxy-3,5-dimethoxyphenyl)prop-2-enoic acidingpinic acid) prepared at a
concentration of 10 mg/1 mL of 1:1 v/\wB:MeCN. All samples were deposited by air-
drying (.e. using the dried drop method) onto a stainlessl $te&_DI-TOF plate
(Waters).

For subunit H analysis 2 uL of the reaction mixture was removed and diluteth\i0

uL of HPLC grade water and mixed welluR of thisdiluted sample was mixed with 2
uL of the sinapinic acid matrix and mixed well. Frainis resultant solution, 2L were
spotted onto air-dried pre-spotted sinapinic at@irhg/l mL in acetone). Mass spectra
were collected on a Micromass MALDI-TOF, operatedinear positive mode using a
337 nm nitrogen laser (Pulse:1250; Detector: 2Ba@pression:1200).

For somatostatin analysis, @ of the reaction mixture was removed and mixed| wel
with 2 uL of the sinapinic acid matrix. From this result@otution, 2uL were spotted
onto the blank MALDI plate. Mass spectra were aided on a Micromass MALDI-
TOF, operated in reflectron positive mode using3@ 8m nitrogen laser (Pulse:1250;
Detector: 2750, Suppression:1200).

3.iv.1. Irradiation
In both instances reaction mixtures were irradidteé 1.25 mL pyrex cuvette. The

cuvette was taped to the side of a photochemicahamsion well and cooled by
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submersion in ice-water. Irradiations were caroed using a medium pressure 125 W
mercury lamp (Photochemical Reactors Ltd.) and aeyyimmersion well

(Photochemical Reactors Ltd.) cooMad running water.

3.iv.i.i. General procedure for preparation and irradiation of sub-unit H
Subunit H (SUH, mass = 9016, in buffer (25 mM trnig{roxymethyl)aminomethane,
300 mM potassium acetate, 0.1 mM zinc acetate, D magnesium acetate, 10%

glycerol)) was provided by Dr Dina Grohmann (UCEMB) at a concentration of 111
uM. 10 equivalents 0289 (15.3 mM in 5% DMF in HO) were added and the reaction
maintained at 5C for 1 hour. Quantitative reaction of the maleienigith cysteine to
give mal-SUH was confirmed by MALDI-TOF (mass = 80Ba). The solution was
desalted over 18 hours at 5 °C. Analysis by LC-M8 BALDI-TOF showed that the

construct was intact at this stage.

Single addition10 equivalents of styrene (153 mM in DMF) were abittethe protein
solution and the reaction degassed for 30 secdi#sreaction mixture was sealed and
then irradiated for 5 minutes. Samples were andlysg MALDI-TOF MS and
indicated that the reaction mixture contained maHgmass = 9102, 100%) and a new

peak attributed to incorporation of styrene (ma82*0, 80%), see p.253 for spectrum.

Sequential addition: 10 equivalents of styrene (8@ in DMF) were added to the
protein solution and the reaction degassed for &@rals. The reaction mixture was
sealed and then irradiated for 5 minutes. A furt@equivalents of styrene (153 mM in
DMF) were added to the solution and the reactiayadsed for 30 seconds. The reaction
mixture was sealed and then irradiated for a furheninutes. Samples were analysed
by MALDI-TOF MS and indicated that the reaction toive contained mal-SUH (mass
= 9153, 80%) and a new peak attributed to incotpmraof styrene (mass = 9256,
100%), see p.25kr spectrum.

3.iv.i.ii. General procedure for preparation and irradiation of somatostatin
Lyophilised somatostatin (SST, mass = 1638) washdlided in buffer (50 mM sodium
phosphate, pH 6.2, 40 % MeCN, 2.5 % DMF) to yieltbacentration of 152.6M and
reduced with 1.1 equivalents of TCEP (15.3 mM in B¥iF in H,O) for 1 hour at 20
°C. 2.2 equivalents d?89 (15.3 mM in 5% DMF in deionised water) were added
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the reaction maintained at 2T for 1 h. Quantitative reaction to 2M-SST was
confirmed by MALDI-TOF (mass = 1835). The solutias desalted over 18 hours at 5
°C. Analysis by LC-MS and MALDI-TOF showed that tbhenstruct was intact at this
stage. The reaction mixture was degassed, seatkdhan irradiated for 15 minutes.
Samples were analysed by MALDI-TOF MS and indicateat the reaction mixture
contained 2M-SST (mass = 1836, 50%) and a new (reags = 1661, 100%), see p.262
for spectrum.
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