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In the final year of my Chemistry B.Sc. degree at the University of Sheffield | applied
for a place on a Teacher Training course and thought that the rest of my working life
was secured. Then one day, | was walking down Brook Hill and | bumped into one
of our most charismatic chemistry lecturers, Dr. Neville Jones. Neville asked me if |
had considered a career in chemistry research (I hadn’t) and suggested that he
would be keen to discuss possible PhD topics with me if | was interested. | had
enjoyed my final year research project with Dr. Chris Falshaw and so | chatted to
friends about this alternative future. Eventually | did go for discussions with Neville,
accepted his offer of a PhD place, and deferred the Teacher Training place. At this
point the Head of Organic Chemistry tried to persuade me that a position in his lab
was much preferable but | continued with Neville as my first choice — a decision |
have never regretted for a minute!

Neville’s main research interests were concerned the synthesis and properties of
steroid analogues — elaborated, oxidised versions of the parent hydrocarbon
cholestane 1 (Figure 1). The steroid family had long fascinated academics and
pharmaceutical companies, particularly after the structural elucidation of the sex
hormones (e.g. estrone and testosterone) in the1930s. By the 1960s, the use of
steroid-based birth control pills had led to a major societal change. Figure 1 shows
the synthetic progesterone analogue Norethisterone 2 which was first synthesised by
Carl Djerassi at the Syntex company and, in combination with a synthetic estrogen
Mestranol, marketed as Ortho-novum in 1963. Synthetic steroid analogues also
found many other medical applications; for example, the corticosteroid analogue
Dexamethasone 3 has been used since 1958 to treat inflammation, skin complaints,
allergies, and many other conditions including chronic obstructive lung disease — and
in 2020 this last application was extended to COVID-19 patients on ventilators with
great success.



Figure 1: PhD Research; Sheffield, 1970-1973

-

Cholestane (1):

Norethistercne (2):
Natural steroid

Synthetic steroid for oral contraception

Dexamethasone (3):
Synthetic, anti-inflammatory corticosteroid

Part I: Rearrangements and Chiroptical Properties of Steroidal Allylic Sulfoxides

Part II: First Synthesis of 4-Thia-Steroids

CgHq7 CgHq7 CyHq7
Sunlight or
Route 1 254 nm,
— Je% o
HO several (36% overall
steps from cholesterol)
Cholesterol (8): 9 4-Thia- 5-Cholestane (10):
(Natural steroid) Novel steroid analogue
Route 2 * several
steps | ca. 50% from
+ PCls | suitoxide 11
CgHﬁ CgH17 CgHq7
Heat
—_— —_—
® 9
0’ \Bul é H
(5] 1 "H 12 ©4 13

Visible-light-induced intramolecular charge
transfer in the radical spirocyclisation of indole-
tethered ynones

Hon Eong Mo, Angela

s A Ros

R D
ter O'Brien, Richard J. K. Taylor

Ashtan, James

ald, Ryan G. Eptoi

€. Churchill, Michael J. X illiam P. Unsy

Indole-tethered ynones form an intramolecular electron donor-acceptor complex
that can undergo visible-light-induced charge transfer to promote thiyl radical
generation from thiols.

R tramalecuter
e compies |

The article was first published on 13 Dec 2019
Chem. Sci.

Photocatalytic Deoxygenation of Sulfoxides Using Visible
Light: Mechanistic Investigations and Synthetic Applications

Almee K. Clarke, Alison Parkin, Richard J. K. Taylor*, William P. Unsworth*, and James A.
Rossi-Ashton*

ACS Calalysis 2020,10,10, 5814-5820 (Research Article) (&) acs AuthorChoice
Publication Date (Web): April 17, 2020

[ Abstract 31 Fulltext [ roF
(0]
1] +e =
R/S\R — Ir .—P RfS\R —_— RIS\R
complementary » - up to 99% yield
mechanisms sulfide radical 20 examples

cation




My first PhD project involved the synthesis of a range of steroidal allylic sulfoxides
(e.g. 4-7) in order to study their optical properties (Optical Rotatory Dispersion /
Circular Dichroism) and their sulfoxide-sulfenate rearrangements.! It soon became
apparent that my interests lay towards the synthetic aspects of research and | was
given a new project — to devise the first synthesis of steroids in which the A-ring
contained a sulfur atom in place of C-4 (e.g. 10). Eventually, a route was devised
starting from cheap cholesterol 8 and proceeding by way of the thiol 9. The first time
thiol 9 was prepared it was a sunny day in Sheffield and an extremely efficient
photochemical cyclisation occurred in the isolation flask producing the target 4-thia-
5B-cholestane 10 as a beautifully crystalline compound. Unfortunately, | was never
able to repeat this visible light transformation (I will make no comment on the
weather in Sheffield) and UV irradiation was required to obtain a reproducible route
to compound 10. Meanwhile, to avoid the problematic irradiation, and to indulge my
new-found interest in sulfenic acids, a second route was devised. Cholesterol was
converted into sulfoxide 11 by a multi-step route; heating 11 generated the transient
sulfenic acid 12 which underwent rapid intramolecular alkene addition to produce the
required sulfoxide 13. Sulfoxide 13 could be isomerised to give the 5a-series,
oxidised to the corresponding sulfone, or reduced to sulfide 10, as shown, using PCls
(in a rather “messy” process). So, although the thiasteroid research was successful,
there were two difficult steps - thiol addition to an alkene and sulfoxide reduction to a
sulfide. | note with amusement that these two processes have been addressed in
2020 publications from our laboratories;>* just 50 years too late to help improve the
Sheffield routes!

Neville Jones and his research groups in Sheffield in:

1970 (Left, L to R: Neville, Kevin Wyse, RIKT, Essam Helmy, Jerome Msonthi and
Rajeswary Mageswaran)

and

1973 (Right, L to R: John Blenkinsopp, RIKT, Douglas Hill, Neville with Derek
Lewton and Simon Knox at the front).

Whilst writing up my PhD Thesis, | reactivated the Teacher Training application.
Then we had a visit from an earlier PhD student of Neville’s, Dr. Roger Grayshan;
Roger had just returned from a period of postdoctoral research at the Syntex
company in Palo Alto, California. Syntex was renowned for its steroid research,
referred to earlier. Roger told us what a marvellous time he had there, both in terms
of chemistry and in terms of exploring California and further afield. He said that, in



his opinion, the best postdoctoral supervisor at Syntex would be Dr. lan Harrison and
that he would be able to send Dr. Harrison a letter of recommendation. Roger also
mentioned that Syntex were working on a new family of natural compounds called
prostaglandins that had the potential to be as pharmaceutically important as the
steroids - | was convinced! So in 1973, | headed West to California, and as Roger
Grayshan predicted, had a wonderful year there. Syntex was a very academic
company; lan Harrison had published the first synthesis of rotaxanes from there in
1967 and John Moffatt invented the Moffatt oxidation in Palo Alto. Syntex also
hosted many invited lecturers and had stellar chemistry consultants who visited once
or twice a year (Corey, Stork, Sondheimer etc.). It was close to Stanford University
(Eugene van Tamelen, James Collman, Carl Djerassi etc.), the Linus Pauling
Institute and many start-up companies such as Zoécon and Alza, which were also
carrying out fundamental organic chemistry. lan Harrison was an inspirational
mentor. In addition to his internationally-recognised rotaxane research, he was the
discoverer of the anti-inflammatory drug Naproxen (Naprosyn, Aleve), the inventor of
the Chromatotron (preparative, centrifugally accelerated, radial, thin-layer
chromatograph) and the author (with his wife Shuyen Harrison) of the “Compendium
of Organic Synthetic Methods”.

My research project, as | had hoped, involved the synthesis of novel prostaglandins
(PGs) for medicinal evaluation. The PGs are a family of closely related compounds
that occur in almost every human tissue and exhibit many biological effects,
particularly in reproductive, respiratory, gastrointestinal, cardiac, and blood-clotting
processes. The PGs were isolated in 1935 by von Euler in Sweden but it was not
until 1962 that the structures were determined by Bergstrom and Samuelsson at the
Karolinska Institute in Stockholm where they were shown to be biosynthesised from
the C-20 fatty acid, Arachidonic acid (see later). Around the same time, John Vane,
at the Royal College of Surgeons in London, was discovering the many the biological
roles of PGs. Bergstrom, Samuelsson and Vane jointly received the 1982 Nobel
Prize in Physiology or Medicine for their research on prostaglandins. These studies
had energised the synthetic organic chemists with the first total syntheses of PGs
reported by E. J. Corey’s group in the USA in 1969. Syntex were interested in
obtaining metabolically stable and biologically selective analogues of the PGs and
my project (Figure 2a) was to use my sulphur expertise to prepare and evaluate
analogues of one of the parent prostaglandins, PGF4 14, and so a series of
compounds with a sulfur atom in place of the C-9 and C-11 carbon atoms of the
natural product were designed. It was hoped that the sulfoxide derivatives (e.g. 15)
would mimic the hydroxyl group of the natural compounds. The 11-thia-derived
sulfoxide 15, along with the corresponding sulfoxide diastereomer and sulfone, were
successfully prepared via a short synthetic sequence.® In addition, some closely
related 9-thia-PG analogues were synthesised using a novel acetylenic ketone
procedure to introduce the lower side chain (16 +17 - 18).% I should note that
acetylenic ketones have proved to be very valuable units in our recent synthetic
ventures (see later).



Figure 2. Postdoctoral studies, 1973-1975

a: With Dr. lan Harrison, Syntex, Palo Alto, California
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During one of Syntex’s regular consultancy sessions, | presented my research to the
assembled group. Afterwards one of the most distinguished consultants, Professor
Franz Sondheimer, asked me what | had organised for the the future. On hearing of
my lack of definite plans, my desire to return to the UK (and renewed thoughts about
a teaching career), Franz suggested that | should write to him about securing a
postdoctoral position at University College London (UCL). This was quickly
organised and after a marvellous 12 months in Palo Alto, | returned to a postdoctoral
position in London and a flat in Muswell Hill close to Alexandra Palace (more of
which shortly). Franz had previously worked for Syntex before moving to the
Weizmann Institute in Israel and then on to Cambridge and then UCL as a Royal
Society Research Professor. His main research contributions after leaving Syntex
were in annulene chemistry, particularly the study of higher analogues of benzene to
explore their synthetic accessibility, spectroscopic properties and stability (aromatic
or anti-aromatic according to Huckel's rule). By the time | arrived at UCL (1974)
most of the fundamental studies in this area had been completed and the list of
synthetic targets was getting rather esoteric. My challenge was to prepare
biphenylene analogues in which one ring had been expanded to resemble [16]-
annulene (19). The closest | got (Figure 2b) was compound 22 prepared by a
double Wittig reaction (20 + 21) followed by a Glaser/Eglinton alkyne coupling using
Cu(ll).” This was a rather clumsy synthesis to a product of minor interest — but these



studies gave me an enduring interest in MnO, oxidations (used to prepare aldehydes
such as 21), Wittig reactions and organocopper chemistry.

While in London, | started thinking about a permanent job and decided that | wanted
to continue in a research-based career (school teaching was no longer an option). |
had interviews at Allen and Hanburys (Ware) and Pfizer (Sandwich) but then | saw a
lectureship advertised at the Open University (OU) in Milton Keynes. As this was the
only University chemistry post on offer in England that year, | applied. Eventually, |
turned down an industrial offer for a (much-lower paid) lecturer’s job at the OU in
Milton Keynes. The years at the OU were marvellous from a personal viewpoint, and
the OU, and my colleagues there, gave me a great training in teaching, scientific
writing and communication skills. Back then, the OU recorded their TV programmes
at Alexandra Palace in North London (close to my old flat in Muswell Hill) and radio
programmes at the BBC studios in Marylebone, central London. Also, when | started
at the OU they did not have any Chemistry labs and UCL kindly let me carry out my
(now independent) research there. Trips to London were therefore frequent and also
enabled me to meet Ginny (my future wife, who worked at the Wellcome Foundation
on Euston Road - but that is another story!).

My years at the OU also providing time to plan and launch an independent research
programme; initial research involved double Wittig reactions® and then the
development of novel phosphonate reagents 23° and 24 for the conversion of
carbonyl compounds into a,3-unsaturated acids under relatively mild conditions (the
development of reagent 24 stimulated an ongoing interest in dianion chemistry).
Before long, the OU opened their brand new chemistry labs in Milton Keynes and my
first two PhD students, Andy Dixon and Richard Batten, were appointed (they were
the OU'’s first two chemistry PhDs when they successfully graduated in 1981!).
Special thanks must go to Dr. Roger Newton who entrusted one of Glaxo’s valuable
SERC (forerunner to the EPSRC) PhD CASE awards to an unknown synthetic
organic chemist at a new university; | very much hope that the current generation of
industrialists are equally supportive to new appointees. The first publication from
research carried out in Milton Keynes, which subsequently became popular, was a
mild method for removing TBDMS-protecting groups using N-bromosuccinimide
(which is selective in the presence of other acid-labile alcohol protecting groups,
Figure 3, 25 - 26).*



Figure 3: Projects Completed/Initiated at the Open University
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By 1975/76 the prostaglandin family had expanded considerably (Figure 3b).
Biosynthetic studies had earlier established that the parent prostaglandins were
formed in the body from polyunsaturated fatty acids such as Arachidonic acid (27)
but further biological research had shown that other novel compounds were also
produced by this biosynthetic manifold. Most notably, Thromboxane (TXA,, 28) and
Prostacyclin (PGl,, 29) were shown to be formed by enzymes in the blood and they
proved to have diametrically opposing biological properties. Thus, TXA, (28) is a
potent promotor of platelet aggregation, whereas PGl, (29) is a potent vasodilator
and inhibitor of platelet aggregation; the balance between 28 and 29 is therefore
crucial in the blood clotting process. These studies suggested that TXA; (28) and
PGl, (29) might have useful therapeutic applications but unfortunately their use in
this way is extremely limited due to their very short half-lives (approx. 30 seconds
and 2 minutes, respectively). Many synthetic organic chemists realised that these
discoveries presented an opportunity to design and prepare stable analogues of the
natural products for biological screening. Our plan was to use my sulfur expertise to
prepare dithia-TXA; (30) and to prepare PGI, analogue 31, trusting that the
presence of an oxane rather than an oxolane heterocyclic system would confer
additional stability. In order to achieve these objectives, it was first necessary to
develop the key methodology to construct the basic framework of the target systems.
Given my interest in copper chemistry mentioned earlier, we eventually settled on
the conjugate addition of organocopper reagents to cyclic enones (32 - 33), where
possible using in situ enolate alkyation'? to introduce the second side chain (32

- 35). Thus, Richard Batten developed the chemistry leading to the sulfur systems
34" and Andy Dixon mastered the route to cyclopentanones 36.** This copper
methodology was then applied to the successful synthesis of dithia-TXA; (30),
completed with financial support from the SERC who provided my first research
council grant (used to support Dr. Simon Lane),*® and to the synthesis of homo-PGl,
analogue 31 and related analogues.*®



1979 marked the next move — from Milton Keynes to Norwich, from the OU to UEA,
and from a predominantly teaching department to one which had an international
reputation in organic synthesis thanks to Professors Alan Katritzky and Sandy
McKillop and their colleagues. My research group started to expand and although
part of the effort was concentrated on completing routes to dithia-TXA, (30)* plus
novel thromboxane, prostacyclin and prostaglandin analogues, new projects were
devised. One such project, which blossomed very quickly, was again inspired by the
Arachidonic acid cascade (Figure 4). Around 1979, a new group of biologically-
active Arachidonic acid metabolites were structurally identified as being
hydroxylated, acyclic derivatives, typified by Leukotriene B4 (37). The leukotrienes
are intimately involved in inflammation, allergies and asthma and leukotriene
antagonists quickly became prime pharmaceutical targets. We therefore initiated a
project to prepare novel leukotriene analogues for biological screening; two “bridged”
examples are shown, the benzene derivative 38, prepared using dianion chemistry,*’
and the thiophene analogue 39, prepared using palladium-catalysed coupling in the
key step®® (palladium-catalysed processes, and the development of new Pd
catalysts,'® became another lasting research group theme). The leukotrienes
inspired another long-standing interest — the development of stereocontrolled routes
to polyenes of biological interest. Key discoveries in this area (Figure 4), several
made by a PhD student called Mark Furber, involved: (i) the addition of organolithium
reagents to pyrylium salts (40) to generate C-2 addition intermediates 41 which
undergo electrocyclic ring-opening on warming to room temperature to generate
27,4E-dienals 42:% (ii) the addition of organocuprate reagents to two equivalents of
ethyne to generate dienylcuprate intermediates 43 which could be trapped by a
variety of electrophiles to produce conjugated Z,Z-dienes 44;% (iii) the addition of
Grignard or organolithium reagents to silylated glutaconaldehydes (e.g. 45) with
hydrolysis of the intermediate 46 giving 2E,4E-dienals 47.%2 With these novel
stereoselective routes to dienes in hand, a range of natural products of biological
interest were prepared including the Navel Orangeworm Pheromone (48) and
Sarmentine (49) - and Ben Borer’s synthesis of Leukotriene B, (37) itself.?*%2



Figure 4: UEA Norwich
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The Arachidonic acid cascade work produced another bonus. Having devised a
range of methods for preparing substituted thia-cyclohexanes en route to thia-
thromboxane analogues (see Figure 3), we realised that we had a potential synthetic
entry into substituted cyclopentenones by use of the Ramberg-Backlund reaction
(RBR) as shown in Figure 4.%° This novel approach was quickly validated (50 - 52).
The readily-available enones 50 were efficiently converted into iodides 51 by
treatment with trimethylsilyl iodide in ethylene glycol. Next, the RBR of a-iodo-
sulfones 51 followed by removal of the ketal protecting group under mildly acidic
conditions efficiently produced the non-conjugated cyclopentenones 52. In addition,
the use of stronger acidic conditions generated the corresponding conjugated
cyclopentenones and this methodology was then applied to prepare the antimicrobial
natural product, Tetrahydrodicranenone B (53).% It became evident that the RBRs
on a-iodo-sulfones 51 proceeded very rapidly and Alan Sutherland discovered that,
at low temperature (-78 °C), base-treatment generated the intermediate episulfone
(e.g. 51a - 54); episulfone 54 was fully characterised, including by X-ray
crystallography, and was readily converted into the corresponding alkene on further
base-treatment or thermolysis.”* Although episulfones had been proposed as the
key intermediates in the RBR, this study provided the first unambiguous evidence
that the RBR does indeed proceed via episulfone intermediates. We also



established that episulfones can be prepared by the oxidation of episulfides® and
that episulfone a-anions are readily prepared and synthetically useful.?® These
fundamental discoveries led us to develop a major programme to investigate the
synthetic potential of the RBR and of isolated episulfones and to apply these findings
in target synthesis.?’ This research programme continued for a number of years with
major advances being made after the move to York (see later), in particular in natural
product (e.g. Varitriol 55) and target synthesis (e.qg. trans-Carbovir 56) areas.?®

The UEA period also stimulated a number of collaborations. Joint research projects
with my colleague Dr. Alan Haines on the design and preparation of novel
glucosidase inhibitors and potential AIDS drugs introduced our research group to the
specialised protocols needed for carbohydrate synthesis.”® These skills proved
invaluable after moving to York, when Dr. Paul Murphy and | undertook a
collaboration with Professor Rod Hubbard and Chiroscience to prepare novel Sialyl
Lewis* analogues as potential cell adhesion inhibitors.*® In addition, also in York,
Frank Griffin, Dr. Graeme McAllister and Duncan Paterson combined the RBR and
carbohydrate expertise to develop a new route to C-glycopeptides and C-linked
disaccharides (e.g. the conversion of sulfone 57 into C-Gentiobioside 58).3*

However, | am jumping ahead too quickly. The period at UEA also marked the
initiation of another research programme to develop synthetic routes to newly-
discovered bioactive natural products, particularly those with antibiotic and anti-
cancer potential. Attention was focussed on structures posing a synthetic challenge
in terms of architecture and functionality which required the development of new
methodology to complete short and efficient synthetic routes to the target
compounds that could easily be adapted to prepare a range of structural analogues
for biological screening; such projects were often carried out together with motivated
industrial collaborators. The first target was the anti-cancer agent Rocaglamide (59),
and this challenge introduced me to a young undergraduate project student, Andy
Parsons, who later became a much-valued colleague. Rocaglamide was
successfully prepared by Andy Davey and Dr. Marcel Schaeffer with financial
support from Ciba-Geigy in Switzerland (and with generous advice from Prof. Ralph
Raphael, who was then Head of Organic Chemistry at Cambridge).*> Soon
afterwards, in collaboration with Prof. Sandy McKillop at UEA and Dr. Norman Lewis
from SmithKline Beecham, the design of a synthetic route to the novel antibiotic
Aranorosin (60) and analogues was initiated and completed by Bob Watson.*

In 1993, the next move followed — from Norwich to York, to another beautiful city with
a supportive and collegiate Chemistry Department. Many exciting years followed as
the Chemistry Department at York, renowned for its research in physical organic
chemistry (R.O.C Norman, Bruce Gilbert, John Lindsay Smith, Peter Hanson, Barry
Thomas, John Vernon etc.), enhanced its presence in synthetic organic,
supramolecular and organometallic chemistry. With Prof. Bruce Gilbert as Head of
Department, Dr. Andy Parsons (‘93), Dr. Peter O’Brien (‘96), Dr. Victor Chechik (‘99),
Dr. Dave Smith (*99), Dr. Anne Routledge (2001) and Dr. lan Fairlamb (2001) soon
arrived. The subsequent appointments of Dr. Paul Clarke, Dr. Martin Fascione, Prof.
Mike North, Dr. Will Unsworth, Dr. Chris Spicer and Dr. Alyssa-Jennifer Avestro has
continued to strengthen the organic research expertise and to broaden its horizons.



This Preface is becoming rather lengthy and so, with apologies to all involved, | will
condense our research over the next 20-30 years into a few paragraphs! The
natural product adventures continued (Figure 5) with Alisamycin (61) and related
members of the Manumycin (62) family of anti-cancer natural products (where we
first got seriously involved in asymmetric synthesis, another enduring interest),**

Preussomerin K (63),% Kainic Acid

(64),%® Apicularen (65),%" Inthomycins (66) and

Oxazolomycins (67),%® Paeonilactone B (68),% Dictyosphaeric Acid A (69),*
Grandisine B (70),** Janoxepin (71),** Spirobacillene A (72)* and Phacelocarpus 2-
pyrone A (73)* being just some of the projects that fascinated us during this period.

Figure 5: Selected York Natural Product Targets
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Aldol introduction of enamide.

2-aryl-acetal anion chemistry,
Also used to prepare related
Preussomerins and Palmarumycins.

Novel

and Titanium- and Zirconi
diene metallabicyclisation.

HO,C

Paeonilactone B (68)
(From paeony root - pain relief in traditional
Chinese and Japanese medicine):

Dictyosphaeric Acid A (69)
(Antibiotic from fungus):

Tandem i Michael
Alkene migration sequence,

Novel Suzuki andf Stille coupling,
Tandem Oxidation Procedures (TOP),
Correction of Sterochemistry.

Telescoped Intramolecular Michael /
Olefination (TIMO) sequence,
Applied to range of a-methylene lactones.

Splrobaclllene A(72) Phacelocarpus 2-pyrone A (73), with Prof. |. Fairlamb

(From a marine red algae):

Inhibitory activity against reactive oxygen species):
Au(l)-catalysed vinyl etherification,
smle macrocyclisation,
ion of vinyl ether stereochemistry.

Lewis acid mediated splrocycllsallon
Similar routes to Spi

The design and implementation of synthetic routes to target compounds inevitably
highlights the need for new synthetic methods which improve on existing procedures
(reducing the number of steps, increasing the yield, removing toxic or
environmentally suspect reagents, improving selectivity etc.). The projects outlined
in Figure 5 stimulated a number of investigations during the York period, some of

which are summarised in Figure 6.
Tandem Oxidation Processes (TOP
aliphatic, alicyclic and heterocyclic ¢

In one project, initiated by Dr. Xudong Wei,

, Figure 6a) were designed to produce a range of

ompounds directly from alcohols. These

environmentally advantageous procedures have been widely used by other
academic laboratories and in the pharmaceutical industry.*® In such oxidative



processes, which are particularly well-suited to unstable aldehyde intermediates,
two, three or more conventional reactions are carried out in a single operation,
improving efficiencies and overall yields in a range of useful synthetic
transformations. Early studies involved the oxidation of alcohols using manganese
dioxide followed by in situ Wittig elaboration of the intermediate carbonyl compounds
(e.g. 74 - 75); related tandem oxidation / cyclopropanation procedures (e.g. 76 -
77) have also been developed. Tandem oxidation procedures involving the trapping
of intermediate aldehydes with amines are also straightforward (e.g. 78 - 79) and a
version which also incorporates hydride reducing agents [NaBH,4 or polymer-
supported cyanoborohydride (PSCBH)] enables oxidation / trapping / reduction to be
carried out in a single operation. This latter procedure was applied to convert
cinnamyl alcohol (78) and 1-(N-methylaminomethyl)naphthalene (81) directly into the
topical antifungal agent Naftifine (82) in 72% overall yield. A number of other TOP
variants have been developed, some utilising alternative starting materials and
oxidants; for example, the direct conversion of a-hydroxy-ketone 83 and 1,2-
diaminobenzene (84) into the substituted quinoxaline 85 can be accomplished
efficiently using a palladium-catalysed aerial oxidation procedure with only 2 mol%
Pd(OACc),. In addition to quinoxalines, TOP procedures have also been employed to
prepare a range of related heterocycles (e.g pyrazines, dihydropyrazines,
piperazines, and triazines).*

A second project, with Steve Raw as the driving force, concerned the design of novel
pericyclic cascade routes to pyridines and complex nitrogen polycycles (Figure
6b).***” For example, a conceptually novel Tethered Imine—Enamine (TIE) approach
was developed for the direct conversion of 1,2,4-triazines into highly substituted
pyridines (e.g. 86 - 87) via inverse electron demand Diels—Alder reactions. This
new procedure, which avoids the need for a discrete aromatisation step, was
employed to prepare a range of poly-substituted pyridines (e.g. 87a) and used as the
cornerstone of an efficient synthetic route to several members of the Louisianin
family of antibacterial / anticancer natural products (e.g. 88).*® Similarly, a triple
Diels-Alder (DA) sequence (DA / retro-DA / intramolecular DA) cascade was
developed to generate complex and novel nitrogen-containing polycyclic cage
compounds 90 from triazines 86 and allylamines 89 via a single synthetic
operation.*’



Figure 6: York Methodology
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A third project (Figure 6c), initiated by Dr. Alexis Perry, utilised inexpensive
copper(ll) catalysts to access a range of useful heterocyclic building blocks by the
radical cross-dehydrogenative coupling of linear precursors.*® These copper(1l)-
mediated procedures, which are simple to perform, are run open to the air, and are
moisture insensitive, were initially developed to prepare oxindoles 92 from acyclic
anilides 91 and then extended to prepare thio-oxindoles 93, and spirocyclic
oxindoles 94 and 95. This methodology was then applied to prepare bis-oxindoles
96 (via double spirocyclisation) and to a formal total synthesis of the vasopressin V2
receptor antagonist Satavaptan 97. Subsequent studies used the copper(ll)-
mediated procedures to obtain 3,4-dihydro-1H-quinolin-2-ones 98, 1,2,3,4-
tetrahydroquinolines 99, acridanes 100, 2-quinolones 101 and 3H- and 1H-indoles
102 and 103.

Another rewarding project from this period, carried out in collaboration with Professor
lan Fairlamb, involved the development of new palladium catalysts and pre-catalysts
for the Stille and Suzuki cross-coupling reactions of benzylic, vinylic and allylic
halides (Figure 6d).* Serendipity, and the observational skills of Catherine
Crawforth, were crucial to the discovery of trans-bromo(N-succinimidyl)-
bis(triphenylphosphine)palladium(ll) (104) but it proved to be an excellent cross-
coupling catalyst which is widely used in academia and industry and is marketed by
the Aldrich Company (cat. no: 643742). In our groups, we have used catalyst 104
for a number of cross-coupling processes including 106 - 107, an important



reaction in the Inthomycin (66) / Oxazolomycin (67) project.*®*° Further studies
demonstrated the unusually high efficiency of a range of palladium catalysts bearing
one or more imidate ligands in Stille and Suzuki—Miyaura cross-couplings involving
allylic and benzylic electrophiles. For example, the corresponding succinimide-
based palladium complex AsCat (105) was used to catalyse Stille cross-coupling
reactions with benzyl chlorides at room-temperature and was also employed for the
key macrocyclisation step involving a Stille / allylic acetate coupling (106 - 107) in
the total synthesis of Phacelocarpus 2-pyrone A (73).*

| have included one further Figure to cover the most recent research carried out in
York as part of a collaboration with Dr. Will Unsworth, first as a post-doctoral
researcher and then as a colleague, over the period 2010 to the present day. This
collaboration, parts of which were reliant on major contributions from Prof. Peter
O’Brien, Dr. Jason Lynam, Prof. Rebecca Goss (St Andrews), Profs. Shu-Li You and
Chao Zheng (Shanghai), together with Dr. Sarah Chambers, Dr. Aimee Clarke, Dr.
Graeme Coulthard, Dr. James Cuthbertson, Dr. James Donald, Ryan Epton, Dr. Hon
Ho, Nantachai Inprung, Dr. Michael James, Dr. Christiana Kitsiou, Dr. John Liddon,
Dr. Matthew Lloyd, Dr. Jon Osler, Dr. Wade Petersen, and James Rossi-Ashton, is
summarised in Figure 7. The initial research involved the development of new
chemistry, particularly Direct Imine Acylation (DIA, illustrated) to access the novel
marine metabolite ‘Upenamide 111.°° The DIA methodology was also utilised to
prepare a range of natural product targets including Evodiamine (112), Elaeokanidine
A (113), Dievodiamine (114) and Lasubine Il (115).>* Other targets included the
Cedaramycins (116 and 117) and Pyxidatol C (118) which required the development
of rhodium-catalysed C-H activation processes®’ and the Cope rearrangement of
gem-dimethyl-substituted divinylcyclopropanes,® respectively. The ‘Upenamide
project also led to a growing interest in the design of improved routes to prepare
spirocyclic compounds for biological screening. Silver- and copper-catalysed
dearomative spirocyclisations of acetylenic ketones (first mentioned in Figure 2) were
developed as an efficient means to this end and modifications were developed to
enable enantioselective versions and continuous-flow processes (using solid-
supported catalysts).>® Related ynone cyclisation procedures have also been
developed to prepare other heterocyclic systems such as indolizidines, quinolizidines
and indoles (starting from pyrroles).>® More recently still, photochemical processes
for the spirocyclisation of ynones have been developed which rely on the in situ
formation of intramolecular charge-transfer intermediates.”® The ultimate extension of
the methodology just described has been the development, using both experimental
and computational studies, of catalyst-selective syntheses where a given starting
material (e.g. ynone 119 or diazo-ketone 120) can be converted selectively into a
range of different products simply by changing the catalyst and / or the reaction
conditions.®’



A) Natural Products

Figure 7: Recent York Research

B) Synthetic Methodology
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Concluding remarks

| apologise if this Perspective appears self-indulgent but | hope that some of the
chemistry and the insights prove interesting to some of the readers. My main worry,
however, is that | did not have space to mention all of the research projects and
therefore many of the research group members and collaborators have not so far
been mentioned in the text or in the references (so let’s correct that!®*®Y). | must
also give special mentions to Dr. Graeme McAllister (who joined my group at York as
a PDRA in 1999 and has continued to collaborate over the years, to ensure safety
and good research practice in our labs, and to carry out microanalyses for the
Department), and to Dr. Adrian Whitwood (who has carried out many crucial X-ray
structure determinations for us in York).

| must also make it clear that many of the outstanding research advances outlined in
this article came from members of the research group and my collaborators, and not
from me. This revelation will not surprise my academic colleagues — it is how any
successful, collaborative research group must operate! | should also note with great
pride that many of my research group have gone on to highly successful careers and
senior positions in industry and academia (and one has recently been appointed to a
Vice Chancellorship).

Looking back over a research career of 50+ years brings many special memories —
different labs in different countries, inspirational co-workers and colleagues (many of
whom became permanent friends), successful research projects (and less
successful ones), supportive industrial collaborators, and special conferences (such
as the Oxford/Cambridge International Synthesis Conference, the Royal Society of
Chemistry Heterocyclic Group meetings in Grasmere, International Society of
Heterocyclic Chemistry meetings, numerous Tetrahedron meetings etc.). So what
conclusions can | draw from these experiences? First, the overwhelming
advantages that can be gained by working in collegiate chemistry departments
where colleagues help one another and enhance each others’ research
programmes. Second, the importance of a happy and talented research group of
undergraduates, MSc and PhD students, postdoctoral fellows and overseas visitors.
Third, the positive role that can be played by collaborators, both academic and
industrial. And of course, the crucial availability of well-funded labs and research
council / industrial support to pay for the research posts and consumable costs.
Most of all, however, | realise the importance of luck — the unplanned meeting that
changes your life choice, the unexpected research result that generates a new
programme, the industrialist or biologist who presents you with a challenging
synthetic target, or the colleague who provides a mechanistic explanation you had
not seen and launches a new series of investigations. Planning research
programmes is essential, but serendipity can take you to unenvisioned places (as it
did for the Princes of Serendip®?).

Finally, a big thank you to all of the authors of the papers in this Special Issue.
Given the problems presented by Covid-19 in all aspects of life, including organising
teaching and research from a distance, | am truly grateful for the time spent
preparing these publications. Thanks too to Professor Angela Russell for her
invaluable encouragement and assistance with this Special Issue, and to Peter
O’Brien and Will Unsworth for their helpful comments on this article, and to Will for
preparing Figure 7.



This Perspective is dedicated to my family with love and thanks; Ginny, Becky, Cathy
and Phil.

RC, Jo - aytor, Ginny Taylor and Will
Unsworth at the wedding of James Donald (inset) in 2019.
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