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Hydride-free reduction of propargyl electrophiles:
a nickel-catalyzed photoredox strategy for allene
synthesist
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Herein we report a catalytic reduction of propargyl carbonates to allenes mediated by a nickel molecular
catalyst. The catalytic system uses light as the driving force and amine as the sole hydrogen source.
Contrary to other catalytic approaches, the process proceeds without the intermediacy of metal hydride
species. The commonly observed pathway in transition metal catalyzed reductive processes is replaced by
a pathway involving a sequence of electron transfer and proton transfer. Using this catalytic approach, a
wide range of allenes could be obtained under mild conditions. Experimental investigations support the
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dual role of trialkylamine as a reductant and a proton source and have revealed the key mechanistic fea-
tures of the reaction. A key protodenickelation step of the Ni(i) allenyl intermediate is proposed to
account for the reduction process. Finally, we also demonstrate that the selective Sy reduction process
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Introduction

Allenes are key intermediates in organic synthesis, offering a
rich palette of chemical reactivity and serving as essential
building blocks in the construction of complex molecules.
They are important structural motifs found in natural products
and pharmaceuticals, and used to design advanced functional
materials as well, making them interesting target molecules.
In this regard, transition metal-catalyzed reactions of propargyl
electrophiles with nucleophilic partners stand among the
most attractive strategies for constructing allene motifs featur-
ing otherwise difficult-to-access substitution patterns and
functionalities. A long-standing challenge in the development
of such methods has been the difficulty in predicting and con-
trolling regioselectivity (Sx” vs. Sy selectivity), and thus pre-
venting the formation of isomeric propargylic by-products.’

In this domain, catalytic hydride reductions of propargyl
halides and propargyl alcohol derivatives have emerged as
established methodologies since the mid-80s, serving as prac-
tical tools for the synthesis of mono- to tri-substituted allenes.
Traditional methods rely essentially on palladium® or copper?
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can be also efficiently driven by an electrochemical approach.

catalysis in combination with conventional hydride-based
reducing agents, ie. aluminium or boron hydrides,*”*
formates,***” and silanes."™“? In these processes, transition
metal hydrides serve as key intermediates (Fig. 1A). However,
the reliance on stoichiometric Al, B, and Si-based metalloid
hydrides often in conjunction with a noble transition metal
can limit broader applications with respect to functional group
tolerance, safety, and sustainability concerns.

Complementary to conventional thermal protocols, photo-
or electrocatalytic processes provide practical and efficient
routes for catalytic reduction reactions, harnessing electrons
and protons as redox equivalents, and thus obviating the use
of hydrogen gas or hydride donors.” From a mechanistic
standpoint, all these methodologies rely on the formation of
metal hydrides as catalytically relevant intermediates. More
recently, alternative pathways exempt of hydride intermediates
have attracted increasing interest as sustainable and cost-
effective strategies for hydrogenation/reduction processes.’*”
The reaction manifolds involve a reduction of the transition
metal catalyst that activates the substrate followed by protona-
tion. In this context, we present a novel nickel-catalyzed photo-
redox reduction strategy for a selective, sustainable and robust
access to diversely substituted allenes under mild reaction con-
ditions from propargyl electrophiles.® Unlike traditional
methods, our approach eliminates the requirement for hydride
nucleophiles, instead relying on protodemetalation of an alle-
nylmetal intermediate. Notably, we demonstrate that a trialky-
lamine plays the roles of both a redox mediator, as a reductive

This journal is © The Royal Society of Chemistry 2024
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A. Traditional methods: Pd(or Cu)-catalyzed hydride reductions.
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B. This work: Ni/photoredox-catalyzed hydride-free reduction.
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Fig. 1 Synthetic methods for allenes involving transition metal (TM)-
catalyzed reduction of propargyl electrophiles.

quencher of the photocatalytic cycle, and a proton source, via
proton transfer from its photochemically generated amine
radical cation (Fig. 1B).”®

Results and discussion
Development and optimization studies

Preliminary studies have focused on the reduction of alk-2-ynyl
carbonate 1a as a model substrate (Table 1). Extensive exper-
imentation led to the identification of nickel(u) nitrate, 1,10-
phenanthroline (2), and 9,10-diphenylanthracene (DPA, 3a) as
an effective and inexpensive nickel source, ligand and organo-
photocatalyst, respectively. DPA is commonly used as an
organic semi-conductor in OLEDs and in blue glow sticks;
however, its potential as an effective photocatalyst has only
been illustrated very recently.’ Acetone, a sustainable and non-
toxic solvent, was also identified as an appropriate medium for
the reaction. Thus, when the reduction of 1a was performed in
the presence of triethylamine (1 equiv.) with 5 mol% of catalyst
and ligand each under purple light (405 nm) irradiation, the
corresponding allene 6 was produced exclusively within 3 h,
and in almost quantitative spectroscopic yield (96%, '°F NMR)
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Table 1 Selected preliminary optimization experiments?
5 mol% DPA H N
5 mol% Ni(NO3).6H,0 —
5 mol% 1,10-Phen 4\
Et3N (1 equiv),
Acetone (0.1 M), 1t, 3 h 6
R = COMe 405 nm F
Entry Deviation from the above reaction Yield?
1 None 96
2 Ni(COD),/1,10-Phen as catalyst 56
3 No nickel salt 0
4 No ligand 0
5 No photocatalyst (light only) 0
6 No light (dark) 0
7 w/o Et;N 0
8 Quinuclidine instead of Et;N 0
9 [Ir(dF(CF3)ppy).(dtbbpy)|PFs (1 mol%) as PC 66
10 4-CzIPN (2 mol%) as PC 53
11 1 mol% DPA (24 h) 78
12 1 mol% DPA-OMe (24 h) 99
13 1 mol% DPA-CO,Me (24 h) 99
14 1 mol% DPA-CO,H (48 h)* 80
15 1 mol% DPA-OMe, 2 mol% [Ni/L] (24 h) 81
16 1 mol% DPA-CO,Me, 2 mol% [Ni/L] (24 h) 89
17 R = Boc 78
18 R=Ac 367

DPA (R = H, 3a)

DPA-OMe (R = OMe, 3b)
DPA-CO,Me (R = CO,Me, 3c)
DPA-CO,H (R = COH, 3d)

Fsc\(j\g\ PFs
f?[: E {

4-CzIPN (4) Ir[dF(CF3)ppyl2(dtbbpy)PFy (5)

“Reactions were performed on a 0.25 mmol scale using an
EvoluChem™ PhotoRedOx Box device equipped with one 18 W purple
LED lamp (405 nm). Dtbbpy = 4,4'-di-tert-butyl-2,2"-dipyridyl. ” Yields
(%) were determined by 9F NMR spectroscopy using fluorobenzene as
an internal standard. °1.1 equ1v of Et;N were used. Approximately
20% of 1a remained unreacted. ¥ 38% conversion.

(Table 1, entry 1). The reaction also proceeded but to a lesser
extent with the air-sensitive Ni(COD),/1,10-Phen catalytic
system (Table 1, entry 2). Control experiments confirmed that
the dual catalytic system, light irradiation, and triethylamine
are essential for this transformation (Table 1, entries 3-7).
1,2,3,5-Tetrakis(carbazol-9-yl)-4,6-dicyano-benzene (4-CzIPN, 4)
as well as the iridium complex Ir[(dF(CF3)ppy).(dtbbpy)|PFs (5)
proved to be competent alternative photocatalysts. However,
the reaction efficiency is compromised by concomitant for-
mation of several unidentified by-products, most likely gener-
ated from photo-degradation of the desired allenic product,
leading to lower yields (Table 1, entries 9 and 10; and
Table S6, ESIT). Furthermore, the reaction proceeded well with
lower loadings of DPA, down to 1 mol%, provided that the
reaction time was extended to 24 h (Table 1, entry 11). Other
DPA derivatives were also investigated. Remarkably, both 9-(4-
methoxyphenyl)-10-phenyl-anthracene (DPA-OMe, 3b) and 9-
(4-methoxycarbonylphenyl)-10-phenylanthracene (DPA-CO,Me,
3c) had a beneficial effect on the reaction, affording quantitat-
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ive yields of 6 (Table 1, entries 12 and 13). Interestingly, a car-
boxylic acid derivative (DPA-CO,H, 3d) also showed significant
photocatalytic activity, although the reaction was hampered by
slower reaction rates (Table 1, entry 14)."® Under the improved
reaction conditions, a nickel catalyst loading of 2 mol% was
still sufficient for excellent catalytic activity within 24 h,
especially with DPA-CO,Me as the photocatalyst (Table 1,
entries 15 and 16). Finally, we identified the OBoc group as a
competent alternative leaving group, where OAc proved less
efficient (Table 1, entries 17 and 18).

Scope and limitations

The substrate scope was subsequently explored under our stan-
dard set of reaction conditions using a broad range of pro-
pargylic carbonates featuring diverse substitution patterns.
Structurally diverse mono- to tri-substituted allenes could be
delivered regioselectively in good to high yields. Tolerated sub-
stituents include electron rich or poor (hetero)aromatic rings,
cycloalkyl and short or long chain alkyl groups bearing a
variety of functional groups such as CF,, alkene, carboxylic
ester, as well as protected ketone and diol, amine, or alcohol
that can facilitate the post-reduction derivatization to nitrogen-
and oxygen-containing molecules of higher complexity
(Table 2).

Regarding access to internal allenes, the alkyne substitution
pattern had no observable impact on the outcome of the reac-
tion. Internal alkynes with alkyl (15-19 and 25-26) or (hetero)
aryl (6-14 and 20-23) substituents performed equally well.
Moreover, ortho substituents on the aryl rings had no detri-
mental effect on the reaction efficiency and selectivity (11 and
12). Additionally, a propargylic silyl ether did not interfere
with the reaction (19), and a glycosyl ester (20) resisted inter-
change of the alkoxy moiety with methoxide generated in the
reaction medium. On the other hand, the substitution mode at
the carbon center adjacent to the carbonate leaving group had
a notable impact on the profile of the reaction. While tertiary
(6-20) as well as secondary (21-23 and 26) propargyl carbon-
ates featuring alkyl groups delivered the desired allenes with
satisfactory yields, a-aryl propargylic carbonates proved to be
less suitable substrates for the transformation. Hence, 1,3-
bisarylallenes (e.g., 24) were not accessible by this method,
only providing degradation products. Accordingly, monoaryl
1,3-disubstituted allenes were only provided in moderate yields
starting from a-aryl propargylic carbonates. However, these
monoaryl allenic compounds may still be afforded in good
yields by simply inverting the substitution pattern of the pro-
pargyl substrate (e.g. 25, path a vs. path b).

Regarding access to terminal allenes (27-29), these were
delivered in satisfactory yields from primary propargyl carbon-
ates, although alkynyl derivatives were also formed as minor
regioisomeric products.'" Alternatively, terminal allenes can be
obtained from terminal propargylic carbonates, as illustrated
by the reduction of the mestranol carbonate derivative (30).
The generality of the method was further showcased by the
successful reduction of enyne carbonates under our catalytic
conditions, thus opening a new synthetic entry to valuable
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vinylallenes (31, 32). Notably, electrophiles that are both allylic
and propargylic offer several potential sites for the reduction
to take place and therefore raise additional selectivity issues,
i.e. competition between the allylic and propargylic functional-
ities. Remarkably, the 1,4-enyne substrate delivered the
desired vinyl allene (32) chemoselectively as the sole reaction
product. Finally, cyclic carbonates have also been shown to be
competent electrophiles which further expand the diversity of
accessible structures to include unprotected allenol deriva-
tives, which have become ubiquitous as building blocks for
downstream methodologies (33).'> Importantly, in addition to
proceeding in a sustainable fashion under very mild reaction
conditions, the reduction process was easily amenable to
simple scale up. For instance, a gram-scale synthesis of allene
6 could be achieved in high yield without the need for reopti-
mizing reaction parameters (Scheme 1).

Mechanistic investigations

We then turned our attention to studying the pathway of this
hydride-free Ni/photoredox reduction process and the exact
role of Et;N (Fig. 2). We envisioned that the delivery of the
hydrogen atom would proceed through the following pathway
(Fig. 2A): (i) photooxidation of Etz;N by the excited DPA* (E* =
+1.19 V vs. SCE in DMSO); (ii) deprotonation of the a-amino
C-H (pK, = 14.7 in MeCN) of the triethylamine radical cation
species by methanolate, which is formed upon spontaneous
decarboxylation of the Ni-OCO,Me intermediate,"® and finally,
(iii) protonation of the Ni-allenyl bond by the generated
methanol to form the desired allene product. This was con-
firmed by a deuterium labelling experiment using fully deute-
rated triethylamine (Et3N-d;s), which led to 90% deuterium
incorporation into the nonexchangeable allenylic position.
Interestingly, when the reaction was carried out in the pres-
ence of deuterated methanol, the desired product was
obtained with a deuteration yield of 68%. This experiment
indicates that methanol can serve as a protonolysis shuttle
agent. The lower deuterium incorporation ratio is likely due to
the presence of in situ generated CH;OH through deprotona-
tion of the Et;N radical cation species by methanolate.
Interestingly, when iPr,NMe was used, we could detect the for-
mation of hemiaminal ether species 34, most likely ensuing
from the capture of an iminium intermediate by methanolate
(Fig. 2B). We speculated that the resulting N-a-carbon radical
intermediate may undergo spontaneous single electron oxi-
dation to provide this iminium intermediate.

Next, we aimed to evaluate whether propargyl/allenyl
radical intermediates may be formed under photoredox con-
ditions (Fig. 2C). As anticipated from a pathway involving
radical species, the reaction was inhibited in the presence of 1
equivalent of 2,2,6,6-tetramethylpiperidinyloxy (TEMPO).'* In
addition, we observed a loss of stereochemistry when exposing
enantiopure (S)-1r to catalytic conditions. The racemization
process may involve either propargyl/allenyl radicals®” or
metallotropic rearrangements of the oxidative addition nickel
complex, possibly via n’-propargyl/allenyl nickel intermedi-
ates.'® Noteworthily, post-reduction photochemical erosion of

This journal is © The Royal Society of Chemistry 2024
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Table 2 Photochemical synthesis of allenes?
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1 mol% DPA-CO,Me

R s 2 mol% Ni(NO3).6H,0 / 1,10-Phen H
R\—
0CO,Me Et;N (1 equiv), Acetone (0.1 M) R
) t, 405 nm, 24 h

Key Features
Access to mono-, di-, and tri-substituted allenes,
including alkyl-, aryl-, vinyl-allenes and allenols
Good functional group tolerance

Limited alterations of standard conditions

nternal allenes

ﬁ g% .

~

= Fscd:.%

CO,Me
6, 84% 7,78% MeO.C 8, 87% 9, 59% 10, 60% 1,72%
H o H
:< :<:> >: :<:>< F-@ j >:-:<3NBOC
Bu o} n-Bu
15, 58% 16, 75% 17, 75%
12, 81% 13, 85% 14, 59%
H
n-Bu >/ P o tgﬂ
9 I\ 19, 73% I MeO
18, 73% ) o e 21, 64% 22, 71%
20, 39% [ed]
From a-D-Galactopyranose
H / H PR oo o e 0 s i
= — Ph
H Ph ——,/\/\
= = .

MeO,C MeO,C 24, 0%

23, 60%

Terminal allenes

From internal alkynes :

A )
55 50

Ph

MeO,C MeO,C MeO MeO
le]
47.59% 28a 28b 29a 29b
From OMe OMe
69% 1 (rr. = 4:1) 53% ©8h (rr. = 13:1) Vestranol 30, 599 [cdl
Vinyl allenes | RN m ,,,,,,,,,,,,,,,,,,,,,,
From 1,3-enyne : Ph From 1,4-enyne : 3 (From cyclic carbonate)
Ph : _
H | Ph——
1 1ac O
. H :
_ — N :
— n-Bu . !
i
OCO,Me OCO,Me  n-Bu ' >:
1aa 31, 61%[bd 1ab 32,61% b :
From (S)-perillaldehyde ; 33, 84% €

% Reactions performed on a 0.4 mmol scale unless otherwise stated. Isolated yields are glven %0.2 mmol scale.
2.5 mol% PC. °3 mol% Ni/L, 1.5 mol% PC.” Yield refers to a mixture of inseparable regioisomers. ¢ Yield of pure allene. *

allene chirality may also proceed (see the ESI{).*® Finally, the
reaction of the cyclopropyl derivative 1ad resulted in the for-
mation of the non-opened cyclopropyl allene 35 as a major
product, alongside minor byproducts that could not be iso-
lated or identified. This result argues against the formation of
the free allenyl radical intermediate as a main pathway. All

This journal is © The Royal Society of Chemistry 2024

0.1 mmol scale. 5 mol% Ni/L,

72 h.

these experiments support the direct protonolysis of the oxi-
dative addition allenyl-Ni complex involving a proton transfer
process from the amine to the allene product. The detection of
the hemiaminal ether 34 indicates that the trialkylamine
reagent is converted into iminium species, most likely through
a SET process from the a-aminoalkyl radical.
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1 mol% DPA-CO,Me H Finally, we were also interested to delineate the nature of
" 0COMe 2 mol% Ni(NO3)p*6H,0 :\/ low valent nickel species that promotes the oxidative addition
= 2 mol% 1,10-Phen ) . o
of the propargyl carbonate, and particularly its oxidation
g; state.'” For that purpose, we conducted cyclic voltammetry
F 6 (CV) measurement of the prepared Ni(u) complexes bearing
the neocuproine ligand (Fig. 2D). This ligand, which is also
effective for catalysis (see Table S3, ESIf), was chosen because
it provides more interpretable CVs for the nickel complexes.'®

Et3N (1 equiv), Acetone (0.1 M),
F 1a 405 nm, 1t, 24 h

1.18 g (5 mmol) 0.69 g (85%)

Scheme 1 Gram-scale synthesis.

o

A. Source of hydrogen atom Cyclic vc y studies

Hypothesis: generation of proton source from photo-oxidation- 20 Ry=-1.07V

deprotonation sequence R;=-1.52V
. = o=
H H - B
DPA MeO z
J\ . .+)\ . /g\ + MeOH 2 o=
EtN hv  EtN Et,N 5 =
40 = Nicomplex |
. . - R = Ni complex | + 5 equiv 1a
Deuteration experiments: %0 —— Ni complex | + 10 equiv 1a
R
5 mol% DPA
o 5 mol% NiCl, DME /1,10-Phen (H)D. Sy TV T 3 T T o
p-FPh — NN 01 M) >:- E/V vs AgiAg+ Potential V1
OCO,Me g KPFg (0.1 M) as supporting electrolyte, with a scan rate of 0.1V s
1a ? Puple LEDs, i, 30 PFPM 6q o {01 a5 Supperting W
i o vield: 89 = OMe
w/ Et;N-dq5 (1 equiv) 54% yield; 89% D e N Eﬂ 13 N, o
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| pFPh—= ‘
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Detection of hemiaminal product: = & Frequiv) P 6
H : w/ MeOH (10 equiv) 20%
p-FPh—— . ! w/ Et;N (1 equiv) ND
0 :
FPH :
1a O:< 5 mol% DPA P 6 ' )
ome 5 mol% NiCl,DME /1,10-Phen . Electrochemical approach
L& '
H CD;CN, Purple LEDs, 1t, 3 h OMe ! 10 mol% Ni(Phen)Cl,
[ [ : (}RVCIRVC() H
N Full conversion of 1a N | pFPh—— >:'4J\
Y \‘/ Ratio 6/34 = 3.4:1 Y j/ ; 1a  0COMe KPFo(10equi), EtN 20equv) prp ¢
H 8 mA, 3 F/mol, DMF, rt. 3 h, Ar
(1 equiv) 4 : 68%
Observed by "H NMR & LRMS |
i F. Proposed mechanism
C. Evaluation for Radical inter '
f Et;N
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Fig. 2 Mechanistic experiments and comparison with alternative reductive methodologies.
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Indeed, the CV of complex I exhibited two reversible reduction
waves at —1.07 V and —1.52 V (vs. Ag/AgNO;) associated with
Ni(u)/N(1) and Ni(1)/Ni(0) reductions (Fig. 2D). Upon the
addition of several equivalents of propargyl carbonate 1a (5
and 10 equiv.), an increase in current is observed at the first
reduction peak associated with Ni(u)/N(1) reduction along with
a complete loss of reversibility. A slight shift of the reduction
peak is also observed, most likely due to pre-coordination of
the substrate to nickel (Fig. S20, ESIt). This experiment is con-
sistent with a facile oxidative addition of the propargyl carbon-
ate to the electrogenerated Ni(i) species (II) to give a Ni(u1)-
allenyl species (III). Furthermore, a new reduction peak is
observed at lower potential (—1.6 V). We speculate that it may
be associated with the reduction of a Ni(u)-allenyl intermedi-
ate presumably formed by rapid reduction of the Ni(m) transi-
ent species.

With this information in mind, we were interested in evalu-
ating the effect of the reduction strategy on the catalytic
efficiency (Fig. 2E). Notably, the use of zinc as a reductant,
instead of the DPA/Et;N system under photoredox conditions,
resulted in very low conversion to allene, thus indicating the
significant influence of the photoredox promoted electron
transfer process using homogeneous reductants.’® We
reasoned that electrochemical reduction may also stand as a
reliable technology to promote the electron transfer in a con-
trolled and smooth manner. Remarkably, the reaction also pro-
ceeded well under electrochemical conditions.?® The desired
allene could be obtained in good yield using RVC electrodes in
an undivided cell under 8 mA constant current electrolysis.
Satisfactorily, the use of Et;N, playing the roles of both a
hydrogen source and a reductant also affords the possibility of
avoiding the use of a sacrificial anode.**

Based on these investigations, a plausible mechanism for
this nickel catalyzed, selective and hydride-free reduction of
propargyl carbonates into allenes can be proposed, as shown
in Fig. 2F. The pathway involves oxidative addition of the pro-
pargyl carbonate to low valent ligated Ni(1) species, which are
generated via photocatalytic (or electro-) reduction, to give a Ni
(u)-allenyl intermediate A, after spontaneous decarboxylation
of the carbonate substituent. In parallel, photo- (or electro-)
oxidation of the trialkylamine would generate the radical
cation intermediate D that may undergo rapid deprotonation
by the in situ generated methanolate anion. The resulting N-
a-carbon radical intermediate E can participate in single elec-
tron transfer with the Ni(um)-allenyl intermediate A to give an
iminium species F and the Ni(u)-allenyl intermediate B. A
final protonolysis step with in situ generated methanol will
deliver the desired allene product, and the Ni(u) species C can
be reduced to regenerate the Ni(1) species.

Conclusions

In conclusion, our study presents a new strategy for the syn-
thesis of allenes through the development of a photocatalytic
hydride-free protocol for the regioselective reduction of propar-

This journal is © The Royal Society of Chemistry 2024
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gyl carbonates. This method offers several key advantages,
including the utilization of low loadings of inexpensive cata-
lysts and ligands, alongside a sustainable and non-toxic
solvent, acetone. Furthermore, our investigation unravels a
novel mechanistic pathway involving hitherto undocumented
protodenickelation of allenylnickel species,” shedding light
on new avenues for catalytic hydrogen transfer processes. The
use of trialkylamine as an inexpensive reductant and a source
of hydrogen atoms further underscores the versatility and
efficiency of our approach.
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