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E-Selective partial transfer hydrogenation of
internal acetylenes enabled by water-promoted
Fe(CO)s catalysis

Manisha, Lalit Negi, Deepali Ahluwalia, Akansha Soni,
Aarti Peswani and Raj K. Joshi

Hydrogen transfer via water splitting with an iron catalyst presents challenging opportunities. In this note,
we have introduced a novel approach for the transfer hydrogenation of internal acetylenes, yielding highly
chemo- and stereo-selective E-stilbenes using an earth-abundant iron-catalyst and water as a green
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hydrogen source. The established protocol showed a broad applicability towards various directing
acetylenes, while maintaining high tolerance for functional groups. The method avoids the common issue
of isomerization and over-reduction to alkanes. Interestingly, the method is cost-effective for the synthesis

of deuterated substrates too. The iron-hydride formed as an intermediate is responsible for the semi-

rsc.li/catalysis

Introduction

Chemo- and stereo-selective transfer hydrogenation (TH) is
valued in synthetic chemistry for its efficiency in modifying
functional groups with control. Among these, the
stereo-selective hydrogenation of acetylene to E-stilbene
is a unique and vital reaction, offering efficient synthesis of
specific trans-alkene frameworks." A significant challenge in
this approach is to achieve precise configurations while
preventing over-reduction and isomerization. Stilbenes, with
well-defined configurations (either E or Z), serve as versatile
intermediates for further transformations, promoting
developments in materials science, agrochemicals, and
drugs.> Fig. 1 showcases some important stilbenes,
demonstrating the adaptability of this reduction chemistry.

Traditionally, alkynes were reduced via Wilkinson's® and
Lindlar's (Pd-BaSO,) catalysts® for Z-alkenes, and the Birch
reduction for E-alkenes.” However, these methods often limit
functional group endurance and chemo-selectivity. Noble
metals, such as Pd,® Ru,” and Ir,® are extensively explored,
but sustainable synthetic approaches are in demand for the
future; therefore, earth-abundant transition metals like Mn,°
Co,"® Ni,"* and Cu'? are becoming important.

Emanating from this, iron catalysis has grown
significantly, as it allowed expansive transformations,
offering high reactivity, selectivity, and unique mechanistic
pathways." This versatility emphasizes the vital role of iron
in developing cutting-edge catalytic processes. In 1989,
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hydrogenation of alkynes, and it is validated through DFT calculations.

Bianchini et al. reported iron-catalyzed partial hydrogenation
of acetylenes.'*® Afterwards, Milstein,'*” Kirchner,"* and
Khusnutdinova'? have described similar chemistry using
different iron complexes. In 2012, Beller et al'*® utilized
HCOOH, a surrogate for hydrogen, using an iron-complex,
following this, transfer hydrogenation using an iron catalyst
extended its significance."*” Fe(0) complexes, ie., Fe,(CO)y
with monodentate phosphines produced Z/E-stilbenes'¥ by
reduction of internal alkynes; here, (EtO);SiH was used as a
H-donor. Although these procedures effectively produced
stereo-selective alkenes, but they typically worked under an
inert atmosphere and involved a multi-step method for
synthesis. An overview of iron-catalyzed semi-hydrogenation
of alkynes is shown in Scheme 1.

However, facile protocols utilizing an aqueous -catalytic
system are highly desirable, where water serves as a green
solvent and active reactant, enabling unique, eco-friendly
transformations.?**” Shirakawa and Hayashi were the first to
report the use of water, as a hydrogen surrogate for the partial
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Fig. 1 Stilbenes supporting the need for selective synthetic
approaches and their diversity.
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Scheme 1 Comparison between the previous and present work.

transfer hydrogenation of alkynes'® with a Pd-catalyst.
Subsequent studies also explored transfer hydrogenation of
acetylene with Pd"” and Co,"® Cu," and Ni*® with water. Here,
the catalytic system frequently depends on auxiliary reductant-
supported bimetallic frameworks (e.g;, Zn, Mn).

Despite these advancements, water has not yet been
investigated as a surrogate of hydrogen for iron catalysis in
conventional organic reactions. In contrast, iron catalysis in
water has only been explored electrochemically, and these
studies demonstrate its potential to generate hydrogen through
water electroreduction.>” This indicates a significant opportunity
to explore water-based iron catalysis for green synthesis.

Fe(CO); is a versatile catalyst that facilitates diverse
reactions with remarkable efficiency.>> Recently, Fe(CO); was
used for the transfer hydrogenation of chalcones with water as
a hydrogen donor.>® This result motivates us to investigate
further the hydrogenation potential of Fe(CO)s to reduce
alkynes. Herein, we have successfully developed a stereo- and
chemo-selective partial transfer hydrogenation of internal
alkynes utilizing iron pentacarbonyl as a catalyst in the
presence of base K,CO; and water as a hydrogen surrogate.
Furthermore, this approach is also applicable for synthesizing
deuterated stilbene, a valuable pharmaceutical resembling
Austedo (deutetrabenazine), the first FDA-approved deuterated
drug for treating Huntington's disease.**

This journal is © The Royal Society of Chemistry 2025
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Experimental section
Synthesis of internal alkynes

To a mixture of aryl bromide/iodide (1.0 mmol), K,CO; (2.0
mmol), acetylene (1.2 mmol), and N,N-dimethylacetamide
(DMA, 1.5 mL), the NHC-Pd(u) full pincer catalyst (12 mg,
0.02 mmol) was added (SI, ref. 6). The reaction mixture was
heated at 40 °C for 5 h with constant stirring. The resulting
reaction mixture was allowed to cool down at room
temperature, and the organic layer was separated by solvent
extraction in ethyl acetate and water.

O =00

Pd-NHC Complex
K,CO;, DMF
40°C,5h

O—=0

Pd-NHC Complex

After drying the organic layer on sodium sulphate and
concentrating over a rotary evaporator, the desired product
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was separated by column chromatography using hexane/ethyl
acetate as an eluent.

General procedure for catalytic semi-hydrogenation of
acetylenes

In a 15 mL reaction tube equipped with a magnetic stirrer, a
mixture of 1.0 mmol of internal acetylene, 0.5 mmol of
potassium carbonate (K,CO;) base, 0.4 mmol of TBAB, and
20.0 mol% of Fe(CO); was stirred at 110 °C for 8 h in
aqueous medium (DI water). Upon completion, the mixture
was cooled down to room temperature and transferred to a
separating funnel for solvent extraction with ethyl acetate
and water. Then, it was dried over anhydrous sodium sulfate,
filtered, and concentrated under reduced pressure. The crude
product was purified by column chromatography using
hexane/ethyl acetate to get the pure product as a white solid.
The purified product was characterized by "H and "*C{H}-
NMR spectroscopy.

Results and discussion
Screening of parameters

Encouraged by the catalytic potential of Fe(CO); for water-
assisted hydrogen generation,”® we employed the same
approach to investigate the transfer hydrogenation of
acetylenes. For this, biphenyl acetylene was chosen as a key
substrate, and the elementary conditions of the optimization
have been summarized in Table 1. The initial trial reaction of

Table 1 Optimization of reaction conditions
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biphenyl acetylene in the presence of Fe(CO)s with base,
K,COj;, and water as a solvent at 110 °C for 12 h produced
biphenyl alkene with 59% yield (Table 1, entry 1). However,
no further reduction of the alkene to alkane was recorded
when the reaction was allowed to run for 24 h under the
same conditions. Gratifyingly, a significant improvement in
the yield of the product was noticed when a biphasic catalyst,
TBAB, was introduced. Here, we find that adding TBAB, a
biphasic reagent, promotes the reaction, perhaps by
improving the solubility of the catalyst. TBAI and TBAF
biphasic reagents also facilitated the reaction, but TBAB
showed superior efficiency due to its ideal balance of
nucleophilicity.

The catalytic potential of other iron-based clusters,
Fe,(CO)y, Fe;(CO)q,, and FezSe,(CO)q,, was investigated, but
none of them was found suitable (Table 1, entries 2-4). The
thermal condition, presence of mild base, and low catalytic
potential of these clusters may be the reason.

Moreover, no product was obtained under catalyst-free
and base-free conditions, which indicates the prime
requisites of the base and catalyst for the present reaction
(Table 1, entries 5-6). Next, the optimization of the amount
of iron catalyst was conducted, and 0.2 equivalent of iron
catalyst was found to be ideal for the significant
transformation, while reducing the amount of iron catalyst
(10 mol%) drastically reduced the transformation, while
increasing the amount to 30 mol% did not considerably
impact on the yield (Table 1, entries 7-9). The base

. O Catalyst, Base
— TBAB, H,0

Temp, Time
Sr. no Catalyst (mol%) Base (mmol) Temp (°C) Time (h) Yield® (%)
1. Fe(CO)s (20) K,CO; (1) 110 12 59”
2. Fe,(CO), (20) K,CO; (1) 110 12 n.d
3. Fe3(CO);5 (20) K,CO; (1) 110 12 n.d
4. Fe;Se,(CO);, (20) K,CO; (1) 110 12 n.d
5. Fe(CO)s (20) — 110 12 n.d
6. — K,CO; (1) 110 12 n.d
7. Fe(CO)s (10) K,CO; (1) 110 12 47
8. Fe(CO)s (20) K,CO; (1) 110 12 82
9. Fe(CO)s (30) K,CO; (1) 110 12 84
10 Fe(CO)s (20) K,CO; (0.25) 110 12 41
11 Fe(CO)s (20) K,CO; (0.50) 110 12 82
12 Fe(CO)s (20) K,COs (0.75) 110 12 83
13 Fe(CO)s (20) K,CO; (0.5) RT 12 n.d
14 Fe(CO)s (20) K,CO; (0.5) 50 12 Trace
15. Fe(CO)s (20) K,CO; (0.5) 80 12 47
16. Fe(CO)s (30) K,CO; (0.5) 130 12 83
17 Fe(CO)s (20) K,CO;s (0.5) 110 4 28
18 Fe(CO)s (20) K,CO; (0.5) 110 6 46
19. Fe(CO)s (20) K,CO; (0.5) 110 8 81
20. Fe(CO)s (20) K,CO; (0.5) 110 10 82
21 Fe(CO)s (20) K,CO; (0.5) 110 10 39°¢
22 Fe(CO)s (20) K,CO; (0.5) 110 10 29¢

Reaction conditions: diphenyl acetylene (178 mg, 1 mmol), TBAB (80 mg, 0.40 mmol), H,O (2 mL, DI). ¢ Isolated yield. > Without TBAB. ¢ In
pheny. g g y

the presence of IPA instead of water. ¢ In the presence of Et;SiH in toluene instead of water.
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optimization showed a significant and decent feasibility of
the reaction with various bases, including K;PO,, ‘BuOK, and
Cs,CO3; however, the best result was recorded with K,COj;. It
was also noted that 0.5 mmol of K,CO; produced significant
transformations (Table 1, entries 10-12). During the
temperature optimization, the formation of the product
commenced at 50 °C, it kept on increasing with the gradual
rise in temperature, and finally it became constant at 110 °C
(Table 1, entries 13-16). Furthermore, the duration of
reaction was optimized, and it was quite encouraging to get
the desired product in just 8 hours (Table 1, entries 17-20).
Surprisingly, the reaction was found less effective with
alcohol (i.e., isopropyl alcohol) and silanes despite their
higher potential as hydrogen donors than water; only 39%
and 29% yields were obtained, respectively (Table 1, entries
21-22). Therefore, it may be concluded that for the E-stereo-
selective transfer semi-hydrogenation of alkynes, the iron-
catalyst Fe(CO)s (0.20 equiv.), K,CO3 (0.5 equiv.), TBAB (0.4
equiv.), and water, as a hydrogen source and reaction
medium, at 110 °C for 8 h served the best fitted conditions
for efficient transformation (Table 1, entry 19).

Substrate scope

After getting the best optimized conditions for the present
reaction, the general substrate scope towards various internal
alkynes was evaluated, as depicted in Scheme 2. First, alkynes
bearing substituents on one of the phenyl ring were
investigated. Diphenylacetylene (2a) was partially reduced
under the optimized conditions to produce 81% of
diphenylalkene. Moreover, the ortho-fluoro (2b) and
para-cyanophenyl substitutions (2d) also reacted in the same
manner and gave the same yields of the desired alkenes.
However, a marginally improved transformation of 83% was
recorded for the para-substituted acetyl and carbaldehyde
diphenylacetylenes (2c¢ and 2f). Nevertheless, the yield of the

Fe(CO)s (20 mol%)

K,CO; (0.5 mmol)
R, TBAB (0.4 mmol), H,O
1a-1m 110°C,8h

O——
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semi-hydrogenated product was further increased to 84% for
the p-chloro (2e) and 85% for p-methoxy (2g) substituted
biphenyl acetylenes. Notably, there was no evidence of
dehalogenation; moreover, the carbonyl and nitrile groups
were also preserved under the same conditions, underscoring
the remarkable chemo-selectivity of the present reaction.
Moreover, the transformation was not significantly affected
by the nature of the electron rich or electron poor group
attached on the benzene ring of acetylenes. Moving further,
the scope of the reaction was further extended to
heterocyclic-substituted internal alkynes.

The thiophene and pyridine substituted alkynes were
found well tolerated for the reaction, furnishing the
corresponding alkenes with excellent stereoselectivity in 82%
and 80% yields, respectively (2h and 2i). It is worth
mentioning that an alkaline sensitive alkene (1-phenyl-2-
(trimethylsilyl) acetylene) was also well tolerated under the
established reaction parameters and yielded 80% of the
desired alkene product (2j). Furthermore, the scope of the
reaction was also investigated for alkynes bearing an
organometallic ferrocene group ie.  ferrocenyl-phenyl
acetylene (2k) and para-acetyl substituted ferrocenyl-phenyl
acetylenes (2I); both were found highly effective and
successfully transformed into the reduced alkenes with 82%
and 81% conversion, respectively. An ester group bearing
alkyne ie. methyl 2-(phenylethynyl)benzoate (2m) was also
explored, the transformation proceeded very smoothly
without affecting the ester functionality with 80% yield of the
desired alkene; this indicates the potential of the present
method for late-stage functionalization of ester-containing
molecules. However, phenyl(phenylethynyl)selane was failed
to produce (E)-phenyl(styryl)selane (2n). Moreover, terminal
acetylenes were also found inactive for the present reaction
protocols, and even a trace of styrene was not detected (20).

Next, the scope of the reaction was investigated for
alkynes consisting substitutions on both phenyl rings;

Ha

2a-2m

R, =H, Cl, F, CHO, OMe, COCH;
------------------------- Keeping one phenyl constant and changing substituents on other:---«---cccececeecmaann.

C
A

O e
-0

CHO

O\ oo O

2¢, 83% 2d, 81%

\ <:> \ (Sj
Q 5 O o 2h, sz%\l

N= < > < >—\\ H3COC—©—\_©
W/ SiMe; \

2a, 81% 2b, 81%
O On

2e, 84% 2f, 83%

2i, 80% 2j, 80%

2m, 80% : 2n,nd

Scheme 2 Scope for biphenyl acetylene bearing variant substituents.
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2p, 83%

2s, 85% 2t, 86%

Scheme 3 Substrate variability in biphenyl acetylenes substituted on both sides.

keeping the p-methyl phenyl constant at one of the
terminals, the functional variations were made at the
phenyl ring present at other terminals of alkynes
(Scheme 3, entries 2p-2t). Para-carbaldehyde, para-acetyl,
para-cyano, and para-trifluoromethyl groups present at one
of the terminals of acetylene were checked for the iron-
catalyzed reduction with water as a hydrogen surrogate;
all functional groups were found well tolerated and all
alkyne derivatives gave good yields of the desired reduced
alkenes in the range of 82% to 86%.

Besides this, the scope of the reaction for reducing
isolated diacetylenes, 1,4-bis(phenylethynyl)benzene, was
investigated and depicted in Scheme 4. Here, likewise the
mono acetylenes, both the C=C triple bonds were partially
reduced into alkene, and the formation of 79%
1,4-distyrybenzene (2u) was obtained. Moreover, the same
product was also obtained by reducing 1-(phenylethynyl)-4-
styrylbenzene, where the triple bond was exclusively reduced
and the double bond remained intact. This indicates the
selective reduction of the present method towards alkynes.
The method was reasonably valid for varieties of internal
acetylenes and produced good yields of the products

N\ =
_\—\/_\/

Scheme 4 Chemo-selectivity among alkene and alkyne groups.

Fe(CO)s (20 mol%)
K,COj5 (0.5 mmol)

TBAB (0.4 mmol)
H,0, 110 °C, 8 h

Fe(CO)5 (20 mol%)
K,COs5 (0.5 mmol)

irrespective of the nature of the functional group present on
the phenyl ring. Hence, it demonstrates excellent functional
group tolerance for the semi-hydrogenation process,
particularly towards halides such as F, Cl, and CF; without
any dehalogenation product.

Deuterium labeling experiment

To confirm that water is the only source of hydrogen for the
reduction of alkyne to alkene in the present reaction, isotopic
labelling experiments were conducted and D,O was used as a
solvent (Scheme 5), and the obtained results were validated
by NMR spectroscopy (SI, Schemes S2 and S3).

A 75% yield of deuterated biphenyl alkene was recorded
under the established reaction conditions just by replacing
H,0 with D,O; this confirmed that water is the only source of
hydrogen for the reduction.

Deuterium incorporation was further examined using
substrates containing acetyl and amine functionalities and
significant reduction of alkyne with deuterium was recorded.
Moreover, amine substrates, which remain
unaffected, deuterium incorporation occurred at the methyl

unlike

2u, 79%

O~

O—=T"

R = H, COCHj, NH,

NH’ D\ "

3b-d, 79 %

D
3a-d, 75 %

Scheme 5 Evaluation of deuterium-labeled substrates.
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position of the acetyl group, indicating its relative
sensitivity”> (Scheme 5, entries 3a-3c¢ (d)). The developed
protocol for synthesizing deuterium-labelled compounds
provides a practical tool for mechanistic investigations and
kinetic isotope effect studies.

Plausible mechanism

Based on our experimental observations and previous
literature, we have proposed a plausible mechanism for the
present reaction (Scheme 6). Reactions with radical
scavengers (TEMPO & BHT) confirmed that the reaction does
not follow the radical route. Deuterium labelling studies
confirmed the role of water as a source of hydrogen via the
coordination of alkyne and Fe(CO)s, followed by transfer
hydrogenation (SI, Schemes S2 and S3).

Moreover, the HRMS fragments hint at important
intermediates of the transformations (SI, Fig. S22-S24), which
were further confirmed by DFT calculations. The preliminary
DFT optimizations were carried out employing 6-311G** and
LANL2DZ sets using water as a solvent. The IEFPCM model
was incorporated as it propounded the best available
boundary conditions for the apparent surface -charge
isotropic dielectric continuum solvation model, combining
robustness concerning outlying charge effects and
computational efficiency [SI, computation details].

The reaction was carried out in water, which is also the
source of hydrogen, hence, the dielectric constant of water
(e = 78.35530) was taken into account. Scheme 6 and Fig. 2
describe the plausible mechanism and energy profile,
respectively. The reaction was initiated with the activation of
iron (0) carbonyl upon the addition of K,CO; and water.>*?%¢
This leads to the formation of an active intermediate A,
bearing a negative charge on the complex, and the relative
Gibbs free energy of A was found to be —0.057 kcal mol ™.

H

Calc. (M+H)* = 349.0163
Obs. (M+H)" = 349.0161

Fe(CO)*
= (CO)4
F
Ph
Ph”
E _.Fe(CO),
H OH-
co
Ph
/
Ph/‘ OH"

\
H-Fe(CO)s o
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The reaction may proceed via a transition state, TSyg,
detected by the unique imaginary frequency, having relative
AG = 3.22 kcal mol™. Herein, the C-O-H bond of the
carboxylic group is particularly focused. As per observation,
the C-O bond was nearly 1.27 A and the O-H bond distance
was 1.67 A, which must be close to the reported 0.96 A. The
shortening of C-O bond and lengthening of O-H bond
pointed towards the hydrogen transfer from the carboxyl
group to the central metal iron, and accompanied by the
release of carbon dioxide to form intermediate B, which has
a relative AG value of 0.042 kcal mol™*. Moving further, water
plays a pivotal role as a source for another H-atom to be
attached with iron catalyst, which resulted in intermediate C.
The intermediate D, formed via the coordination of C=C
bonds of biphenyl acetylene with intermediate (C), which
shows the AG = 1.57 kecal mol™, and also confirmed by the
HRMS analysis®® (SI, Fig. S22). Next to this, another
transition state TSpg was detected, where the transfer of H
from iron-complex to the acetylene occurred and a sudden
energy rise from intermediate D was observed here (AG =
11.63 keal mol™). This step is the pivot and depicts the first
transfer hydrogenation to reduce the acetylene; at this stage,
the distance between the second hydride ligand and the
acetylene carbon was nearly 1.54 A. The triple bond was
expected to be reduced into a double bond as the H-transfer
takes place, and HFe(CO), shifted to the second carbon of
E-stilbene,"** and it was marked as intermediate E*® (SI, Fig.
S23). Thereafter, the second hydride transfer occurred from
iron-to the second carbon of alkyne, and formed the
stilbene-iron complex (intermediate F). The relative energy of
this intermediate was found slightly higher, owing to the
weakening of the iron complex interaction with E-stilbene.
Thus, the rise in energy of this intermediate may be
attributed to the unstable tetra-coordinated system. Water as
a solvent can play a key role in stabilizing this complex. As

Cale. (M+H)" = 181.1017
Ph)\(”' Obs. (M+H)" = 181.1018
H

HO, i
Hzo I([‘:/FC(COL;
0O A
Fe(CO)5
| HFe(CO), |
B KHCO; + OH"
H,0
K,CO; + H,0

Ph———

H H
N
D /Fe(CO)4
Cale. (M+H)" = 321.0214 H ¢
Obs. (M+H)" = 321.0216
P

h

Scheme 6 Plausible mechanism for the semi-hydrogenation of acetylene.
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Fig. 2 Free energy profile diagram depicting precatalytic activation. Relative free energies of complexes are reported in kcal mol™.

depicted in TSgpg, water coordinates with the iron-catalyst,
yielding a penta-coordinated metal complex, with AG = 17.86
kcal mol™. This transition state is highly unstable, the
product (E-stilbene) may be withdrawn at this stage. The
distance between the iron catalyst and the product was found
to be nearly 2.36 A. This may lead to easy removal of the
product, leading to the formation of intermediate G. The
catalytic cycle again repeats itself as the hydroxyl ion gets
removed, and intermediate B is formed again to continue the
catalytic cycle. This pathway highlights the crucial roles of
water and base in both catalyst activation and regeneration,
enabling efficient and stereoselective hydrogenation.

Conclusion

This study increased the understanding of the Fe(CO)s-based
catalytic system for the hydrogenation of alkynes under mild
conditions. Water, a green solvent, was utilized as a hydrogen
surrogate, which is rare to observe, especially with highly
economical iron metal. A wide range of internal alkynes,
irrespective of attached functional groups, were smoothly
utilized for efficient semi-hydrogenation to yield E-stereo-
selective stilbenes. Additionally, the method facilitates
synthesis of 1,2-dideuterioalkenes from inexpensive
deuterium oxide. Density functional theory (DFT) calculations
provide insight into the proposed reaction mechanism.
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