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Carboxylic acids and aldehydes are ubiquitous in chemistry and are native functionalities in many bioactive molecules
and natural products. As such, a general cross-coupling process involving these partners would open new avenues to
achieve molecular diversity. Herein, we report a visible light-mediated and metal-free conjunctive olefination which
uses an alkene “linchpin” with defined geometry to cross-couple complex molecular scaffolds containing carboxylic
acids and aldehydes. The chemistry merges two cornerstones of organic synthesis - namely the Wittig reaction and
photoredox catalysis - in a catalytic cycle which couples a radical addition process with the redox generation of a phos-
phonium ylide. The methodology allows rapid structural diversification of bioactive molecules and natural products in
a native form, with remarkable chemoselectivity and high functional group tolerance, while forging a new alkene func-

tional group with programmable E - Z stereochemistry.

Designing molecular diversity is a core challenge in relevant
fields of science and technology,' and is often achieved by as-
sembling chemical building blocks through the construction
of carbon-carbon bonds. In most cases, metal-catalysed cross-
coupling reactions? are a fundamental part of these synthetic
endeavours, although the corresponding coupling partners
are not always easily accessible, as they carry functional
groups that are not native in natural molecules, e.g.
(pseudo)halides and organometals. Thus, scientists investi-
gated novel strategies to use native functional groups and, in
this regard, alkyl carboxylic acids received significant atten-
tion.3 Remarkable examples of metal-catalysed decarboxyla-
tive couplings with organometallic reagents+>¢ and organo-
halides7%9 have been recently reported (Figure 1a), signifi-
cantly expanding the scope of traditional cross-coupling reac-
tions. A number of these strategies involves the use of visible
light photoredox catalysis,*® which is a versatile manifold to
perform radical reactions under mild conditions™* with estab-
lished potential in synthesis.’>'4 Despite these breakthroughs,
one of the coupling partners involved in the decarboxylative
cross-coupling reactions mentioned above carries a non-na-
tive handle, such as an organohalide or organozinc, not always
accessible when complex fragments are involved. Thus, new
strategies to assemble complex structures involving only na-
tive functionalities would complement current cross-coupling
methodologies.

Inspired by recent elegant works describing metal-catalysed
multicomponent conjunctive cross-couplings’s* (Figure 1b),
we envisioned a strategy that allows to assemble coupling
partners, both carrying functionalities available in nature,
through a readily available linking reagent 2 (Figure 1c). We
speculated that, if sufficiently robust and chemoselective,
such a methodology would allow the cross-coupling of com-
plex natural products and bioactive molecules in a native
form, without exogeneous functional groups and no (or very
limited) use of protecting groups. Furthermore, if the geome-
try of adducts 4 could be defined by the user, an additional

structural control would be available, important to define
chemical properties.

Herein, we describe the realisation of the process described
above, through the development of a transition metal-free
conjunctive olefination. The process allows to cross-couple
complex molecular scaffolds carrying carboxylic acids and al-
dehydes, native handles in natural products and bioactive
molecules,” or easily accessible from redox reactivity of other
common native functionalities. The chemistry links the com-
plex coupling partners by introducing a synthetically versatile
alkenyl linchpin with user-defined Z or E configuration.

Results and discussion

Design plan. In our process design - depicted in Figure 1c -
we envisioned to integrate the ionic reactivity of the Wittig
reaction'®192° into a photoredox radical manifold."> The mer-
ger of these two fundamental processes is based upon our hy-
pothesis that commercially available vinyl phosphonium salt
2,2 originally reported by Schweizer in tandem nucleophile
addition/olefination reactions,>>?32>4 would resemble the pho-
toredox reactivity of simple acrylates?s due the inductive elec-
tron-withdrawing effect of the cationic phosphorus atom.2¢
Therefore, nucleophilic radicals 6*7 - generated from carbox-
ylic acids 1° - would react with 2,2829 to afford radical cation
7. We then reasoned that by a careful choice of the redox prop-
erties of the photoredox catalyst, the radical addition step
mentioned above could be coupled with a single electron
transfer (SET) event to reduce radical cation 7, generating re-
active ylide 8 in-situ. This sequence, featuring an ylide gener-
ation through SET, opens a route for the conjunctive olefina-
tion of building blocks 1, 2 and 3 to afford adduct Z-4 through
a radical-polar crossover3®3' process. While a photoredox
phosphorus-mediated olefination has been recently re-
ported,3> the process above, merging photoredox catalysis
with the Wittig reaction for a conjunctive process, is unprec-
edented.
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Finally, a user-triggered in-situ visible light-induced pho-
toisomerisation was developed to provide access to E-4, en-
hancing the potential of the conjunctive process described
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Figure 1 | Conceptual design of the process. a, Reaction scheme of a general decarboxylative cross-coupling. Functional
groups not occurring in naturally recurring molecules are generally involved. M: metal X: halogen. b, Reaction scheme of a
general multicomponent conjunctive cross-coupling: an unsaturated reagent is used to conjoin two partners. ¢, This work:
design plan for a conjunctive olefination coupling between aldehydes and carboxylic acids through the merger of photoredox
catalysis with the Wittig reaction. The process allows the assembly of complex molecules and selective access to both the E/Z

alkene stereoisomers.

Method optimization. Optimisation studies were carried
out by exploring the reaction between N-tert-butoxycarbonyl
(Boc) proline 1a, commercially available vinyl triphenyl phos-
phonium bromide 2 and benzaldehyde 3a, using 1,2,3,5-
tetrakis(carbazol-9-yl)-4,6-dicyanobenzene (4CzIPN)33 as or-
ganic photoredox catalyst and potassium phosphate as base
(Table1). By exposing a dimethylformamide (DMF) mixture of
the components to visible light irradiation at 20 °C, only traces
of the desired product 4a were detected (entry 1). However,
irradiation of the same mixture for 2 hours at 20 °C, followed
by heating at 60°C for 16 hours, led to 4a in promising 68%
yield and 51 Z/E (entry 2), thus suggesting that the olefination
process requires mild heating to occur. Results were improved
by irradiating the mixture in a minimum amount of DMF for
2 hours, followed by addition of tetrahydrofuran (THF) to
reach a composition THF/DMF g:1 and heating up to 60°C (en-
try 3). A standard chromatographic purification allowed the
isolation of Z-4a in Z/E >20:1, with minimum loss in total yield
(entry 3, in parenthesis).

We next looked at finding suitable reaction conditions to in-
situ isomerise the product Z-4a to its opposite E stereoisomer
E-4a. While examples of photocatalytic visible light mediated
E — Z isomerisations have been recently reported3+35 and em-
ployed in synthesis3¢ the application of analogous strategies

for Z — E isomerisations has not been previously described. It
is well-known that UV irradiation of olefins in the presence of
diphenyl disulfide (Ph,S,) leads to alkene isomerisation to
form the most thermodynamically favoured E-isomer.3738 The
process is mediated by the generation of thiyl radicals by S-S
bond photolysis, followed by addition-elimination to the al-
kene.39 As common photoredox catalysts have been recently
observed to sensitise disulfide bond cleavage,+® we reasoned
that the catalyst already present in the mixture could promote
the desired isomerisation process under visible light irradia-
tion. Indeed, by simply adding 1 equivalent of Ph,S, to the re-
action mixture and irradiating with blue light for 1 hour, E-4a
was exclusively detected and isolated in 71% yield (entry 4),
comparable to its Z isomer.

According to the radical and photochemical nature of the pro-
cess, performing the conjunctive olefination in the presence
of 2,2,6,6-tetramethyl-1-piperidinyloxyl free radical (TEMPO),
or in the absence of irradiation leads to complete inhibition of
the reactivity (entries 5 and 6).



Table 1 | Optimisation studies.

" PPhysr oh
0
2 4CzIPN (5 mol%) N 74a
+ cHo —___—— > Boc Ph
E>—COZH K3POy (3 equiv.) or
N Blue LED, 18 h
Boc 1
a 3a N E-4a
Boc
Entry? Solvent T (°C) yield (%), Z/EP
1 DMF 20 traces
2° DMF 20 to 60 68, 5:1
3ed THF/DMF 9:1 20 to 60 91, 11:1 (78, >20:1)
4cde THF/DMF 9:1 20 to 60 78, <1:20 (71, <1:20)
5edf THF/DMF 9:1 20 to 60 traces
69 THF/DMF 9:1 20 to 60 traces

a All reactions carried out in a 0.2 mmol scale, using 1 (1
equiv.), 2 (1.2 equiv.) and 3 (3 equiv.), under a 40 W Blue LED
light irradiation. When mixture of solvents is used, the com-
position is intended as after THF addition to the initial DMF
mixture. ® Yield and Z/E ratio obtained by NMR analysis using
CH.,Br, as internal standard, in parenthesis yields and Z/E ra-
tios of isolated material. ¢ Irradiation carried out for 2 h at

20°C, followed by heating at 60°C for 16 h. d Irradiation carried
out in sole DMF, with THF added to the vessel prior to heat-
ing. ¢ After heating, Ph.S, (1 equiv.) was added to the vessel
and the mixture was irradiated with blue light for 1 h at 20 °C.
fReaction carried out in the presence of 2,2,6,6-tetramethyl-1-
piperidinyloxyl free radical (TEMPO), 1 equiv. 8 No irradiation.



Table 2 | Reaction scope.
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Reactions carried out in a 0.2 mmol scale, yields refer to isolated material, Z/E and d.r. values measured in crude mixtures by NMR
or GC analysis, solvent composition reported as after THF addition to the initial DMF mixture. See section 3 of the Supplementary
Information for full experimental details. Products 4s,t,v are equimolar mixture of epimers on the pyrrolidine chiral centre. 2 Z/E
ratio after a single column chromatography purification. b Aldehyde addition and in-situ solvent exchange to sole THF prior to

4



heating. ¢ [somerisation carried out on the purified material under 370 nm LED irradiation. 4 2 equiv. of Ph,S, used. ¢ Aldehyde 3
was used as limiting reagent. f 0.1 mmol scale. Boc: N-tert-butoxycarbonyl; Alloc: N-allyloxycarbonyl; Cbz: N-benzyloxycarbonyl;

Cy: cyclohexyl

Scope of the method. We next investigated the scope of our
transformation (Table 2). A number of model carboxylic acids
reacts smoothly under our reaction conditions to afford prod-
ucts 4 in moderate to good yields and selectivities (Z-4a - Z-
4h). Notably, both cyclic and linear N-protected amino acids
are suitable reactants (Z-4a - Z-4e), showing that a carbamate
NH bond does not hamper the reactivity. The process is toler-
ant to the presence of a synthetically versatile pendant bro-
mide, challenging functionality in other traditional Wittig re-
actions or transition metal alkyl cross-coupling methodolo-
gies, and compound Z-4e could be obtained in moderate yield.
Simple alkyl carboxylic acids, generally more difficult to oxi-
dise than the substrates presented above, are suitable reac-
tants (Z-4f - Z-4h and vide infra), although with such reagents
addition of aldehyde 3 after the irradiation and in-situ solvent
exchange to sole THF was found to significantly improve the
results (see sections 3.3 and 3.4 of the Supplementary Infor-
mation for details). As a limitation of this process, the use of
primary carboxylic acids leads to only trace amounts of the
desired products. We then tested our methodology in the
derivatisation of bioactive compounds and complex natural
products containing the carboxylic acid functional group.
Functionalisation of gemfibrozil, a medication used to treat
abnormal blood lipid levels,+ leads to derivative Z-4i in high
yield and Z-selectivity. Our protocol is suitable even on com-
plex substrates carrying reactive ketone functionalities which
may interfere with the desired Wittig olefination, so derivati-
sation of fenofibric acid led to Z-4j in excellent Z-selectivity
and moderate yield, with the remaining mass balance ac-
counting to an undesired proto-dechlorination process. Note-
worthy, hydroxyl functionalities are compatible with the reac-
tion, and bioactive molecules trolox, enoxolone and oleanolic
acid smoothly undergo the desired process, without the need
of cumbersome functional group protection/deprotection se-
quences (Z-4k - Z-4m). The high yield obtained in Z-4l from
unmodified enoxolone - a natural product carrying multiple
functionalities, including an alcohol and a carbonyl com-
pound - corroborates the significant functional group compat-
ibility of the process. By following our in-situ isomerisation
protocol, E-4a - E-4m can be accessed with excellent E-stere-
oselectivity, regardless the complexity of the starting materi-
als, and the products were isolated in yields that are compara-
ble to the corresponding Z-products. Compounds E-4e and E-
4k were found to isomerise incompletely under standard con-
ditions but were obtained with excellent E-stereoselectivity by
using a 370 nm LED (see results presented in section 3.6 of the
Supplementary Information for more details).

We then tested our methodology on a number of model alde-
hydes. Aromatic aldehydes carrying electron-withdrawing,
electron-donating groups and Lewis basic heteroaromatics
were found to react smoothly, with Z-selectivities ranging be-
tween 71 and 11 (Z-4a; Z-4n - Z-4p). Less reactive aliphatic
aldehydes are also suitable substrates, generally leading to
high to excellent Z-selectivity (Z-4q - Z-41 and vide infra). We

then focussed on testing our methodology on aldehydes de-
rived from natural products and complex biomolecules. When
valuable, aldehydes can be successfully employed as limiting
reagent. Litocholic acid-derived aldehyde (easily accessible
from litocholic acid, see section 2.3 of the Supplementary In-
formation) is promptly converted to Z-4s in high yield and full
Z-selectivity. Remarkably, even in this case, the presence of a
free hydroxyl group in the complex aldehydic scaffold does
not hamper our desired reactivity. The terpenoid citronellal,
carrying an alkene functionality that may perturb radical re-
activity, smoothly undergo our process leading to product Z-
4t in good yield and full Z-selectivity. Galactose derivative Z-
4v was obtained in moderate yield and excellent Z-selectivity,
showing that carbohydrate scaffolds successfully undergo our
process. Natural fragrance heliotropin is also a suitable sub-
strate, leading to derivative Z-4u in good yield and moderate
stereoselectivity. By applying our E-selective protocol, the
products obtained from all aromatic aldehydes (E-4n - E-4p)
- including heliotropin-derived product E-4u - were obtained
with full E-selectivity and comparable yields to the corre-
sponding Z-products. E-isomers of products obtained from al-
iphatic aldehydes (i.e., E-4q - E-4t; E-4v), including complex
molecules carrying multiple alkenes or free hydroxyl groups,
could also be obtained through our E-selective protocol, albeit
in reduced 4:1 to 14:1 E-Z ratio and requiring 2 equiv. of Ph,S,
and increased irradiation time (see results presented in sec-
tion 3.6 of the Supplementary Information for more details).

The scalability of the process was tested by performing the re-
action in multigram scale (Figure 2), without detrimental ef-
fects on the observed efficiency or selectivity (see section 3.7
of the Supplementary Information).
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Figure 2 | Scale up studies. Reaction performed in batch in
20 mmol scale, no detrimental effect on the yield was observed
by hundredfold scale increase.

Mechanistic investigations. The remarkable functional
group tolerance of this reaction, including to alcohol function-
alities that may quench semi- and non-stabilised phospho-
nium ylides by proton transfer, prompted us to investigate the
mechanism of this process. To this end, 3P-NMR analysis of
the reaction mixture immediately after irradiation at 20°C re-
vealed one major peak corresponding to phosphonium salt 9
(Figure 3a and Supplementary Figure S3). Subjection of iso-
lated 9 to our reaction conditions at 60 °C in the presence of
benzaldehyde 3a leads to Z-4a in 80% yield and 10:1 Z:E selec-
tivity (Figure 3b), comparable to the results depicted in Table
2, Z-4a.
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Figure 3 | Experiments for mechanistic insights. a, 3'P-
NMR analysis of the photochemical reaction carried out at
ambient temperature, phosphonium 9 was observed. b, Sub-
jection of phosphonium g to the reaction conditions at 60 °C,
Z-4a was observed. Experiments a and b suggest 9 as interme-
diate of the conjunctive olefination. ¢, Deuterium trapping ex-
periment. Full deuteration was observed, confirming the oc-
currence of a SET process on an intermediate phosphonium
radical cation (see also Figure 1).

The outcome of these experiments suggests that under our re-
action conditions the newly generated ylide is involved in an
acid-base equilibrium (with the conjugate acid of the phos-
phate base used) which is shifted towards the corresponding
phosphonium salt. Upon moderate heating, the ylide in solu-
tion dynamically reacts with aldehydes 3 to afford products 4
in high yield. Finally, in accordance with the SET reduction of
phosphonium radical cation 7 depicted in Figure 1c, irradia-
tion of a base-free solution of 10, vinyl phosphonium 2 and
photocatalyst 4CzIPN in the presence of D,O led to 9-d with
full deuterium incorporation (Figure 3¢ and see Supplemen-
tary Figure Sg).

Conclusions. In conclusion, we developed a conjunctive ole-
fination reaction based upon a radical-polar crossover process
elicited by the merger of photoredox catalysis with the Wittig
reaction. The chemistry offers rapid and practical access to
complex olefin fragments with programmable E - Z stereo-
chemistry and remarkable chemoselectivity. We anticipate
that the ylide radical-polar reactivity, introduced by this re-
port, will open new opportunities in synthesis.
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Figure Captions/Tables Legends

Figure 1 | Conceptual design of the process. a, Reaction
scheme of a general decarboxylative cross-coupling. Func-
tional groups not occurring in naturally recurring molecules
are generally involved. M: metal X: halogen. b, Reaction
scheme of a general multicomponent conjunctive cross-cou-
pling: an unsaturated reagent is used to conjoin two partners.
¢, This work: design plan for a conjunctive olefination cou-
pling between aldehydes and carboxylic acids through the
merger of photoredox catalysis with the Wittig reaction. The
process allows the assembly of complex molecules and selec-
tive access to both the E/Z alkene stereoisomers.

Table 1 | Optimisation studies.

a All reactions carried out in a 0.2 mmol scale, using 1 (1
equiv.), 2 (1.2 equiv.) and 3 (3 equiv.), under a 40 W Blue LED
light irradiation. When mixture of solvents is used, the com-
position is intended as after THF addition to the initial DMF
mixture. ® Yield and Z/E ratio obtained by NMR analysis using
CH.,Br, as internal standard, in parenthesis yields and Z/E ra-
tios of isolated material. ¢ Irradiation carried out for 2 h at
20°C, followed by heating at 60°C for 16 h. 4 Irradiation carried
out in sole DMF, with THF added to the vessel prior to heat-
ing. ¢ After heating, Ph.S, (1 equiv.) was added to the vessel
and the mixture was irradiated with blue light for 1 h at 20 °C.
fReaction carried out in the presence of 2,2,6,6-tetramethyl-1-
piperidinyloxyl free radical (TEMPO), 1 equiv. 8 No irradiation.

Table 2 | Reaction scope.

Reactions carried out in a 0.2 mmol scale, yields refer to iso-
lated material, Z/E and d.r. values measured in crude mixtures
by NMR or GC analysis, solvent composition reported as after
THF addition to the initial DMF mixture. See section 3 of the
Supplementary Information for full experimental details.
Products 4s,t,v are equimolar mixture of epimers on the pyr-
rolidine chiral centre. 2 Z/E ratio after a single column chro-
matography purification. ® Aldehyde addition and in-situ sol-
vent exchange to sole THF prior to heating. ¢ Isomerisation

carried out on the purified material under 370 nm LED irradi-
ation. 4 2 equiv. of Ph,S, used. ¢ Aldehyde 3 was used as limit-
ing reagent. f 0.1 mmol scale. Boc: N-tert-butoxycarbonyl; Al-
loc: N-allyloxycarbonyl; Cbz: N-benzyloxycarbonyl; Cy: cyclo-
hexyl

Figure 2 | Scale up studies. Reaction performed in batch in
20 mmol scale, no detrimental effect on the yield was observed
by hundredfold scale increase.

Figure 3 | Experiments for mechanistic insights. a, 3P-
NMR analysis of the photochemical reaction carried out at
ambient temperature, phosphonium g was observed. b, Sub-
jection of phosphonium g to the reaction conditions at 60 °C,
Z-4a was observed. Experiments a and b suggest 9 as interme-
diate of the conjunctive olefination. ¢, Deuterium trapping ex-
periment. Full deuteration was observed, confirming the oc-
currence of a SET process on an intermediate phosphonium
radical cation (see also Figure 1).

Methods

All reactions were carried out in oven-dried glassware under
argon atmosphere using standard Schlenk manifold technique
and dry solvents. Solvents were degassed by argon sparging
when needed. Liquid aldehydes were distilled prior to use,
other reagents were purchased at the highest commercial
quality and were used without further purification, unless oth-
erwise stated. Yields refer to isolated pure materials after chro-
matographic purification.

General procedure for the conjunctive olefination. Car-
boxylic acid 1 (1 equiv.; 0.2 mmol), vinyl phosphonium bro-
mide 2 (1.2 equiv.; 0.24 mmol; 88.6 mg), 4CzIPN (0.05 equiv.;
o.01 mmol; 7.9 mg) and potassium phosphate (3 equiv.; 0.6
mmol; 127.4 mg) were introduced in a Schlenk tube. The at-
mosphere was exchanged to argon, and degassed dry DMF
(200 pL) and aldehyde 3 (3 equiv.; 0.6 mmol) were introduced
via syringe. The vessel was sealed and irradiated with a 40 W
blue LED at 20 °C for 2 hours under moderate stirring. Dry
THF (1.8 mL) was then introduced through a syringe. The ves-
sel was sealed again and heated at 60°C for 16 h under vigorous
stirring without irradiation. The mixture was then filtered
through a thin layer of celite/silica, eluting with Et20. Vola-
tiles were evaporated under reduced pressure, and the residue
was subjected to chromatography purification on silica gel to
afford final compounds Z-4.

For selective access to the opposite isomer E-4, the procedure
was followed as above, except that after heating at 60°C, di-
phenyl disulfide (1 equiv.; 0.2 mmol; 43.7 mg) was added to the
reaction vessel and the reaction mixture was irradiated with a
40 W blue LED at 20 °C for 1 hour under vigorous stirring. The
compound was then isolated following the procedure de-
scribed above.

For full experimental details, including procedures for all re-
actions, variations from the general procedure above and



characterization of all new compounds, see section 3 of the
Supplementary Information.

Data Availability

The data supporting the findings of this study are available
within the paper and its Supplementary Information.



