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A simple procedure for the synthesis of (poly)cyclic O,0- and N,O-acetals
from various enol ethers, N-acyl enamines or Boc-protected enamines
has been developed. The key step is a photocatalytic Stork—Ueno-type
cylization using the very simple metal-free conditions of catalytic eosin,
diisopropylamine in the green solvent ethanol with blue LED irradition.

Rigid (poly)eyclic structures, rich in sp® carbons and bearing
appropriately positioned heteroatoms, constitute highly privi-
leged compounds for a variety of reasons. In the pressing
search for new drugs, increasing the proportion of sp*-
carbons and chiral centres within candidate compounds has
been shown to increase rates of success." Strategically placed
heteroatoms can improve a compound’s solubility in biological
fluids, its binding to a target protein® or its ability to act as a
ligand for transportation of metal cations across membranes.®
Moreover, when all these characteristics are included as part of
a rigid polycyclic/spirocyclic structure there are additional bene-
fits, such as, greater specificity (lower receptor promiscuity) and a
reduced entropy penalty upon binding.'®* It was within this
context that we hoped to develop a new and sustainable approach
to (poly)cyclic O,0- and N,0-acetals; pharmacophores which occur
in some very potent natural products and drugs.” We wanted a
general and mild method for their synthesis that wouldn’t place
restrictions on the substrates that could be employed, and, by
sustainable, we mean a highly efficient (cascade reaction
sequence/one pot),® metal-free process using a green solvent with
visible spectrum light as the energy source.”

We saw the potential for a very simple solution to these
challenges if some interesting reactivity that had been observed
during our investigations into a biomimetic synthesis of pyri-
dones, could be adapted and applied to this new task.® During the
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pyridone work, we had seen how an adjacent oxygen function-
ality could facilitate the formation of a carbon-centred radical
through homolysis of a C-I bond under very mild photocataly-
tic conditions (eosin,” diisopropylethylamine DIPEA, blue
LEDs). We wanted to see whether we could apply a similar
strategy to a Stork-Ueno-type cyclization. Success, however,
might require both an adaptation of the propagation mecha-
nism and an alternative co-oxidant (for returning EY*™ to EY).
While the Stork-Ueno disconnection has been used to make
cyclic acetals,' existing methodologies are associated with a
number of negative issues that have become increasingly
important in modern synthetic chemistry, such as; complex
substrate preparation;'°® use of metals (stoichiometric'°** and/
or toxic; for example, BuzSnH'**?); a need for high energy
ultraviolet light;' or a sensitive catalyst."” What is more, we
wanted to be the first to unite the substrate synthesis and
cyclization steps into a one pot protocol (Scheme 1).

Our group is experienced in using photocatalytic one pot
protocols to increase the efficiency and sustainability of syn-
thetic methods.®"" The first task is always to validate individual
steps before attempting to combine them; in this case, we also
had to investigate the mechanistic adjustments previously
mentioned (the nature of the propagation steps and the
potential need for a co-oxidant). To this end, we synthesised
iodo-acetal 3a from vinyl ether 1a using N-iodosuccinimide and
the allylic alcohol 2a (DCM, dark, rt, 4h, yield 78%, Table 1).
Next, we sought to obtain proof of principle by using photo-
catalysis to transform iodo-acetal 3a into cyclic acetal 4a. Some-
what to our surprise, we found that the simplest envisaged
conditions worked with no need for any further additives. The
conditions employed were eosin (EY.Na,, 5 mol%) and DIPEA
(4 equiv.) in EtOH at rt with 72 h irradiation from blue LEDs.
'H-NMR analysis of the crude mixture showed complete con-
version of 3a to 4a had occurred and 4a was obtained in a yield
of 75% (see; ESIt).

With the proof of principle in hand we sought to generate
further examples. To this end, iodo-acetals 3b-3k were synthesised
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[A] Previous result from our group (ref. 8)
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[B] New idea for general application of this observed reactivity
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green solvent (EtOH) and LEDs as source of visible spectrum light
mild and widely applicable conditions for formation of the radical

Stork-Ueno-type
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Scheme 1 [A] Observed reactivity that formed the basis for the new idea.
[B] Generalized concept for new one pot methodology targeting (poly)-
cyclic O,0- and N,O-acetals.

using the established conditions. Yields ranged from 51-80%,
and, as expected, the cyclic enol ethers all afforded iodo-acetals
that had a trans relationship between the iodo group and
alcohol-derived side chain. With respect to other stereocentres,
inseparable mixtures of diastereoisomers were observed in the
products in the ratios shown in Table 1. Each iodo-acetal
(3a-3k) was then subjected to the photocatalytic conditions
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(5 mol% EY.Na,, 4 equiv. DIPEA, in either EtOH or EtOH : H,O
(4:1) at rt with blue LED irradiation) and monitored using
either tle or 'H NMR. With respect to the solvent, for the
majority of the substrates EtOH:H,O was employed because
this appeared to reduce the reaction times required (to 48 h);
however, for a limited number of substrates (such as, 3a) the
use of dry EtOH gave a cleaner result (albeit after a longer 72 h
reaction time). Cyclised O,0-acetal products 4a-4k were formed
in yields ranging from 65 to 80% and with the diastereoiso-
meric ratios shown in Table 1. The stereochemically simple
iodo-acetals, 3f and 3k, each gave a single isomer, and, in the
case of the former, NOE studies confirmed the expected relative
stereochemistry of this product (4f, cis relationship for the
bridgehead hydrogens). The simplicity of the reaction meant
it could be scaled-up easily (1 mmol) with no effect on the yield.

Next, the scope of the protocol was expanded by exchanging
enol ether 1 with vinyl pyrrolidin-2-one 1d (Table 2). The
previously developed conditions were employed to synthesize
the iodo-ether motif; namely, 1d was reacted with the corres-
ponding alcohol 2 and NIS in DCM for 4 h (yields 45-73%). The
reaction could be scaled-up (to 2 mmol) with no effect on the
yield. The resulting iodoalkoxy pyrrolidinones 5 were subjected
to the optimised photocatalytic protocol which resulted in
their smooth cyclization to the polycyclic pyrrolidinone-tetra-
hydrofurans 6 (yields 63-76%). Thus, the presence of an
electron deficient nitrogen in the substrate was shown not to
impede the reaction. Both 6a and 6b were formed as an
inseparable mix of diastereoisomers with a dr of 4:1.

A third iteration expanded the scope further when the Boc-
protected enamine 1e was used as the initial substrate (Table 3).

Table 1 Synthesis of iodoacetals 3 which were then subjected to the new photocatalytic protocol to give cyclised products 4

RS RS EY.Na, (5%), DIPEA (4 equiv) Rl _O. _R®
1 1 EtOH:H,0 (1:0 or 4:1, 0.1 M _
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Table 2 Synthesis of iodoalkoxy pyrrolidinones 5 which were subjected to the photocatalytic protocol to give cyclised products 6

FQ6

% RS
0 N HOWRA NIS, DCM, tt, 4 h
\V\_7 ' R¢ R? - R?

Wo

EY.Na, (5%), DIPEA (4 equiv)
EtOH:H,0 (4:1, 0.1 M)
blue LEDs, rt, 48 - 72 h

Yy
0

5c (73%)

e tibe &

5b (61%, dr 1.25:1)

O

5a (67%)

Once again, the previously developed conditions were applied
and first the iodoalkoxy pyrrolidines 7 were obtained (yields
61-73%), and, then, following application of the photocatalytic
protocol with in situ deprotection, the cyclised N,O-acetals 8
were isolated (yields 42-65%).

The impact of the new multistep protocol we had developed
would be significantly enhanced if we could convert it into a
simple one pot procedure. We were assisted in this task by the
simplicity of the individual steps and it was with minimal effort
that we were able to combine the steps to give an easy and
versatile one pot procedure for the synthesis of polycyclic O,
O- and N,O-acetals (Scheme 2 and ESI¥).

On the basis of these results and our experience from other
projects,>™'“ as well as the seminal work of Leonori,'* we
derived a logical mechanism in which we are proposing that
DIPEA is fulfilling up to five different roles (roles 1-5,
Scheme 3). Beginning with roles 1-3 which are supported by
precedent®''®'* and by the following experiments: Emission
quenching experiments, which were undertaken in order to
derive Stern-Volmer plots, clearly show that DIPEA quenches
the photocatalyst’s excited state (role 1) at a substantially
higher rate than representative iodo-acetal substrates
(see, ESIT). Eosin’s reduction potential (Egy/py-— = —1.06 V)"
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Table 3 Synthesis of N,O-acetals using the new photocatalytic protocol
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Scheme 2 One pot procedure for the synthesis of O,0- and N,O-acetals
(of types 4, 6 & 8) from 1b, 1d & 1le.

suggests that it is not capable of direct reduction of a C-I bond
and further proof that direct reduction by the photocatalyst
(PC*7) is not likely, came from testing a range of other photo-
catalysts. Specifically, both riboflavin and 9,10-dicyanoan-
thracene (DCA) that are capable of oxidising DIPEA (E,x

+0.68 V vs. SCE'), but which have considerably lower reduction
potentials (—0.79" and —0.91 V,"* repectively) still catalysed
the reaction albeit with lower conversions accompanied by larger
amounts of the by-product 4a’ (entries 7 & 8, Scheme 3). Moreover,
switching the base to ones still capable of quenching the excited
triplet state of EY confirmed that only those bearing an o-CH
bond, needed for the formation of a radical at this o-position
(B, eg DIPEA and 1,2,2,6,6-pentamethylpiperidine), could pro-
mote the reaction (role 3, entries 3 and 10-14). Roles 4 and 5 are
in line with what is known in the literature where reduction of
imminium cations by photocatalysts has been studied'® and
amines as potential HAT donors has been explored."” By- product
4a’ likely arises via a secondary cycle in which radical II reacts
with starting material 3 (halogen atom transfer XAT) also produ-
cing radical 1. Finally, 4a’ slowly converts to product (as seen by

This journal is © The Royal Society of Chemistry 2024
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base
solvent
_blueLEDs o . )03<

C4HgO
Moaflel 4q

nCy4HgO
nC4H90
wf}?:a by product in one case)
PC1: EY.Nay (Egyey = -1.06V)
PC2: [Ir(ppy),(dtbpy)IPFe (Eym = -1.51 V)
PC3: Riboflavin (Eg/g = -0.79V)

PC4: DCA (Epcanca = -0.91V)
PC5: Rhodamine 6G
(ErnsairheG = -1.14V)

Entry PC (mol %) Base (eq.) time (h) conv (%)? 4alda’
1 PC1 (5) B1 (4) 24 89 1:1.4
2 PC1 (5) B1 (4) 48 100 2.7:1
3 PC1 (5) B1(4) 72 100 1:0
4 PC1 (5) B1(2) 72 100 1.2:1
5 PC1 (5) B1 (1) 72 70 1:1.3
6 PC2 (0.5) B1(4) 3 100 b
7 PC3 (5) B1 (4) 72 63 1:1
8 PC4 (5) B1(4) 72 40 1:1.2
9 PC5 (5) B1 (4) 72 68 1:2.5
10 PC1 (5) B2 (4) 72 74 1:1.3
1 PC1 (5) B3 (4) 72 messy -
12 PC1 (5) B4 (4) 72 0 -
13 PC1 (5) B5 (4) 72 0 -
14 PC1 (5) B6 (4) 72 0 -

B1: DIPEA, B2: 1,2,2,6,6-pentamethylpiperidine, B3: DABCO,
B4: 2,2,6,6-tetramethylpiperidine, B5: Ph3N, B6: 4-methoxy-N,N-diphenylaniline

Proposed mechanism
Y. o )
T

o 5- or 6-exo
|

Y\[ *)k k cycl|zat|on
n n
Role 3

C

H ~_/
. xat | HAT \~/ (Role 5)
N('Pr)Et <— N('Pr)Et )
B ( N('Pr)Et
product
AT iPeNEt ip R
2 ProNHEt MULTIPLE ROLES OF DIPEA
Role 2 Role 1 - electron donor

: it Role 2 - base
ProNEt 'ProNEt A Role 3 - halogen atom transfer
Role M (XAT) agent
1 Role 4 - source of oxidant for EY
regeneration
Role 5 - possible H-atom source
for HAT (chain propagator)

EY*  EYC Bt
A
hv iPr

EY B Role 4

Scheme 3 Experiments undertaken to obtain proof of principle, optimise
the protocol and confirm mechanistic detail. 2Determined by *H-NMR. ®In
this reaction 4a was produced alongside significant quantities of reduced
starting material 3a’ with 4a:3a’ = 4.8: 1.

"H NMR monitoring of the reactions) via analogous steps to those
seen in the primary cycle (4a’ + B — II + A," followed by II +
DIPEA — 4a). Further mechanistic details, including radical
trapping experiments, are presented in the ESI.}

Herein we have presented a very user-friendly methodology for
synthesizing (poly)cyclic 0,0- and N,O-acetals from enol ethers, N-
acyl enamines or Boc-protected enamines, using photocatalysis. The
developed protocol uses very simple conditions (eosin, DIPEA,
EtOH:H,O, blue LEDs), is metal-free and uses a green solvent
system.
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