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ABSTRACT:

The pursuit of practical, straightforward, and sustainable methods for forming carbon-
phosphorus bonds is crucial in both academia and industry. Traditional synthetic methods often
rely on hazardous, halogenated precursors through salt-metathesis routes. In this study, we have
synthesized and characterized magnesium complexes [L(Mg-nBu).] (L = bis(diiminate); nBu
= n-butyl) 1 and 2. Complex 1 effectively catalyzes the hydrophosphinylation of alkynes
resulting stepwise hydrophosphinylated products namely monophosphinylated vinyledene-
and 1,2-diphosphinylated alkanes. While doubly addition products with the alkynes are
predominant, this catalytic reaction produces anti-Markovnikov products with inactivated
alkenes, whereas activated alkenes giving rise to conjugated products. This transformation
showcases an excellent atom economy, broad functional group tolerance and gram scale
synthesis for organophosphorus compounds. Through controlled experiments, kinetic studies,
and density functional theoretical calculations, we elucidated the reaction mechanism,
identifying the active catalytic species and revealing a stepwise hydrophosphinylation process
of alkynes. Although complex 1 showed its potential in the hydrophosphinylation of alkynes,
complexes 2 and 3 produced a lower yield of hydrophosphinylated products, indicating the role
of ligand (spacer) in this catalytic transformation. This work is the first to demonstrate that a

neutral magnesium complex can independently catalyse the hydrophosphinylation of alkynes
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and offers opportunities for the hydrophosphinylation of other compounds catalyzed by main-

group metal complexes.

Introduction

The pivotal role of transition metals in homogeneous catalysis has been well-established for
years. However, their limited availability, toxicity, and high cost, have created a pressing need
for alternatives. Consequently, recent years have seen a significant shift towards using cheaper
and earth-abundant main group elements in catalysis as an alternative to transition metals.>? In
the search for non-toxic and environmentally friendly catalysts, s-block metal complexes
(excluding beryllium) have gained recognition not only as effective stoichiometric reagents but
also for their significant role in catalytic reactions.> Magnesium has attracted considerable
attention due to its abundance in the Earth’s crust and its varied reactivity patterns, including
those associated with the intermediate oxidation state (1).* In catalysis, magnesium(Il)
complexes drive the chemical transformations through redox-invariant mechanisms such as c-
bond metathesis and the insertion of unsaturated species into the Mg—X bond (where X =
reactive group).®*¢® However, it is only in the past decade that magnesium-centred reactions
of interest to organometallic chemists have begun to emerge. These reactions include
hydroamination, hydroboration, hydrosilylation, coupling reactions, and C—H bond-activation-
mediated organic transformations,®*° highlights the usefulness of magnesium complexes in

various organic reactions.

The preparation of organophosphines and phosphine oxides, which are widely used in the
pharmaceutical industry and serve as essential ligands in catalysis,'**2 commonly follow the
salt metathesis routes. This method more often requires the hazardous halogenated
precursors.’®* Research in this field showed that the direct addition of P-H bond(s) to
unsaturated substrates offers an alternative approach for the preparation of organophosphorus

compounds. Although the process is more atom-economic and appealing synthetic approach,
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it often requires transition-metal catalysts or radical initiators.*> Consequently, there has been
increasing interest in developing earth-abundant and sustainable catalysts for the addition of
P—H bonds to unsaturated species.’® While several transition-metal-free methods for
hydrophosphination of unsaturated species exist,!’ the hydrophosphinylation reaction is a less
significantly investigated topic.'® Given the involvement of s-block metals as

hydrophosphinylation catalysts, they are even rare.1%2
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Figure 1. (i) Organophosphorus compounds used in hydrophosphinylation; (ii)
hydrophosphinylation of unsaturated compounds (a) using transition metal complexes, (b) s-

block metal complexes; (iii) this work.

In 2020, Westerhausen demonstrated the dependency of hydrophosphinylation reaction of
alkynes on the nature and size of the s-block metal complexes and they concluded that heavy
alkali and alkaline earth-metal amides are acting as a better catalyst for hydrophosphinylation
of alkynes whereas the Li, Mg, Ca amides did not produce any PV-(0)-H addition product.?
To the best of our knowledge, the hydrophosphinylation of alkynes catalysed by a neutral Mg
metal complex alone has yet not been reported to date. Therefore, the imperative to develop a
magnesium catalyst for the hydrophosphinylation of alkynes and alkenes, with a broad
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substrate scope and accommodating a wide range of functional groups, is in the sense of
exigent. In this work, we synthesized and characterized bis(diiminate)-based magnesium
complexes 1 and 2 and investigated their effectiveness in the hydrophosphinylation of alkynes
and alkenes with a catalyst loading of 5 mol% over a 12-hour reaction time. Controlled
experiments and theoretical studies were performed to establish the reaction mechanism that

showed the stepwise phosphorylated compound formation.

RESULTS AND DISCUSSION

Synthesis and characterization of magnesium complexes

Complexes 1 and 2 were synthesized by reacting corresponding bis(diiminate) ligands** with
three equiv. of n-butyl magnesium in hexane, yielding orange solids with 89% and 83% yields,
respectively (Scheme 1). Comparing the proton NMR spectra of complex 1 and 2 reveals key
differences in the chemical shifts of butyl protons. The methylene (CH>) group attached to
magnesium shows a multiplet at —0.31 ppm in complex 1, whereas in complex 2, it is observed
at 0.15 ppm. For the methyl (CH3) protons of the butyl groups, complex 1 exhibits a triplet at
1.02 ppm, significantly upfield compared to the corresponding triplet at 2.36 ppm in complex
2. Additionally, the remaining methylene protons of the butyl groups differ in the two
complexes (see Figures S1-6). These differences in chemical shifts point out less electron
density on Mg in case of complex 1 compared to complex 2 and it could be a sign of magnesium

center influencing the reaction differently.
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Scheme 1. Synthesis of magnesium complex 1-2.

Hydrophosphinylation of alkynes

To optimize the reaction condition, we choose phenylacetylene and diphenylphosphine oxide
as a point of reference substrate. The reaction conditions were optimized and monitored by
NMR spectroscopy, and the yields were calculated based on the integration of the product and
starting material in 'H NMR spectra using 1,3,5-trimethoxybenzene as an internal standard.
The reaction of 2 equiv. of phenylacetylene with 4 equiv. of diphenylphosphine oxide was
carried out in hexane with 3 mol% of complex 1 at rt. Until 12 hours there was not any product
formation (Table 1, entries 2). When the reaction was carried out at 80 °C with the same catalyst
loading (3 mol%) for 6 and 12 hours, 1,2-diphosphinylated product 4a was obtained in 36%
and 49% vyields, respectively (Table 1, entries 3 and 4). In the 'H NMR spectrum, three new
multiplets at 2.84 ppm, 3.14 ppm and 4.27 ppm were observed, corresponding to the two
methylene protons and one methine proton of the product. Further, the study showed that the
increase in catalyst loading to 5 mol % and lowering the temperature to room temperature did
not result in any product formation for 12 hours (Table 1, entry 5). When the reaction was
performed with 5 mol % loading of 1 at 80 °C in hexane, 59% and 85% vyield of 4a were

obtained after 6 hours, (Table 1, entry 6), after 12 hours (Table 1, entry 7) respectively. With
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change in solvent from hexane to toluene, a 5 mol% loading of 1 at 80 °C, only 35% yield of
4a was obtained (Table 1, entry 8) after 6 hours. When the reaction was conducted at 110 °C
in toluene, the product yield decreased to 25% (Table 1, entry 9), suggesting that increasing
the temperature to 110 °C adversely affects the yield of product formation. A blank experiment
was conducted without 1 that showed no product formation (Table 1, entry 1), confirming the
essential role of complex 1 in this hydrophosphinylation reaction.

Table 1. Optimization table for the hydrophosphinylation of alkene derivatives catalyzed by

complex 1%

Entry Cat. (mol%) Solvent T (°C) T (h) NMR yield (%)
1. - Hexane 80 12 0
2. 3 Hexane rt 12 0
3. 3 Hexane 80 6 36
4. 3 Hexane 80 12 49
5. 5 Hexane rt 12 0
6. 5 Hexane 80 6 59
e 5 Hexane 80 12 85
8. 5 Toluene 80 6 35
9. 5 Toluene 110 12 25
10. 5° Hexane 80 12 9
11. 5¢ Hexane 80 12 36

4Reactions were conducted with phenylacetylene (2 equiv.), diphenylphosphine oxide (4
equiv.), and complex 1 in a pressure tube. Yields were determined by *H NMR spectroscopy
using 1,3,5-trimethoxybenzene as an internal standard; "With 5 mol% of Mg complex 2; ‘With

5 mol % of Mg complex 3.

After finding the role of magnesium complex 1 in hydrophosphinylation reaction, to establish

the role of spacer, complex 2 was tested alongside complex 1 for its catalytic activity in the
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hydrophosphinylation reaction. The reaction was carried out using 5 mol% of complex 2 in
hexane at 80 °C for 12 hours. Surprisingly, the yield of 4a was only 9% (Table 1, entry 10).
The *H and **C NMR of complexes 1 and 2 suggest the butyl group in 1 is more electron rich
compared to complex 2. This change in electronic factor might facilitate the release of butane
in the first step of the reaction. Having a similar *H NMR shift of the butyl group to that of
complex 1, and to explore the impact of a more rigid spacer, we have successfully synthesized
a phenyl-bridged magnesium complex 3 with an 85% yield by following a reported procedure
(see Figures S7 and S8).2° Using standard reaction conditions, complex 3 was tested for the
hydrophosphinylation reaction and interestingly, the product yield was increased to 36%.
However, it is significantly lower than that of the case in complex 1. This outcome showed that
having a rigid and definite orientation of the spacer is necessary in enhancing catalytic
efficiency. The oxy-bridged spacer likely provides a more optimal structural and electronic
environment for catalysis, highlighting the importance of spacer design in influencing catalytic
performance.

Having reached the reasoning into the requirement of complex 1, we then went on to explore
the scope of the hydrophosphinylation reaction of alkynes. Using the standard reaction
conditions, we treated various alkynes which led to the formation of corresponding 1,2-
bis(phosphinylated) alkane derivatives 4a-4t in 68-86% isolated yield (Scheme 2).
Phenylacetylenes containing halogen atoms at the meta- and para-position were well tolerated
to give compounds 4m-4p in high yields. Using the electron donating para-OMe, para-OEt,
meta-NHo, substituted phenyl acetylenes, the corresponding 1,2-diphosphinylated products 4i—
41 were isolated in very good yields. Para-NO2, para-CN substituents are also well withstood
to the reaction conditions, resulting in 4q and 4r in excellent yields. In case of 3-

butynylbenzene in which the triple bond is away from the phenyl ring, a reduced yield of
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diphosphinylated product 4h was observed. We have also achieved the hydrophosphinylation

of 1,3-diethynylbenzene and 3-ethynylpyridine suggesting a broad substrate scope for this
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Scheme 2. Hydrophosphinylation of alkynes catalyzed by magnesium complex 12
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4Reactions were conducted with alkyne (0.47 mmol, 2.0 equiv.), diphenylphosphine oxide
(Ph2P(O)H) (0.94 mmol, 4.0 equiv.), complex 1 (5 mol %) in hexane, in a pressure/sealed tube

at 80 °C for 12 h.

magnesium catalyzed hydrophosphinylation reaction. Compounds 4a-4t were well
characterized with *H, 31P{*H} and 3C{*H} NMR spectroscopy and mass spectrometry. Bulk-
scale synthesis is a significant challenge for industrial applications. Therefore, we conducted a
gram-scale reaction to assess the feasibility of bulk-scale production. A reaction was carried
out using 1.5 g of phenylacetylene in the presence of 4 equiv. of diphenylphosphine oxide (7.7
g) and 5 mol % of 1 under optimized reaction condition. This resulted in the formation of the
desired product 4a with an isolated yield of 78%. This successful scaling up reaction

demonstrates the potential of 1 as a catalyst for bulk-scale synthesis (see Figure S163-165).

Kinetic Studies

To find out the rate of hydrophosphinylation reaction, the rate law for catalytic alkyne
hydrophosphinylation was determined using initial rate analysis at different catalyst
concentrations. We obtained the initial rate (Kons) from the [product] versus time plot. Then, we
plotted log(kows) against log(concentration of x) (where x represents either of 1, PhoP(O)H, or
phenylacetylene) to determine the reaction order. The initial rates (Kons) Were determined from
the plot of [product] vs. time (see Figure S166) using various concentrations of 1 (6, 12, 18,
mM) while keeping the concentrations of Ph.P(O)H and phenylacetylene constant (Table S1).2
The reaction order with respect to 1 was calculated (Figure 2a) and found to be 0.48, indicating
that the reaction rate increases as the initial concentration of 1 increase. Next, initial rates were
determined using different concentrations of Ph.P(O)H (0.5, 1.0, 1.5, and 2.0 M) while keeping
the concentrations of 1 and phenylacetylene constant (Table S2, see Figure S167). The reaction
order with respect to Ph,P(O)H was then calculated and found to be 0.25 (Figure 2b). Similarly,

initial rates were determined using varying concentrations of phenylacetylene (0.4, 0.5, 0.6,
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and 0.7 M) while keeping the concentrations of 1 and PhoP(O)H constant (Table S3, see Figure

S168). The reaction order with respect to phenylacetylene, calculated from the logio(Kobs) Vs.

logio(concentration of phenylacetylene) plot (Figure 2c), was found to be 0.45.

The rate equation of the reaction is; rate = k[1]>*® [Ph.P(O)H]*? [phenylacetylene]®4
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Figure 2. (a) Plot of logio(kobs) vs logio(conc. of 1); (b) Plot of logio(kobs) vs logio(conc. of

Ph2P(O)H); (¢) Plot of logio(Kobs)

Mechanistic Aspects

vs logio(conc. of phenylacetylene).

Experimental studies: To elucidate the mechanism of the hydrophosphinylation of alkynes,

control experiments were conducted (Figure 3a). Initially, a stoichiometric reaction of 1:2 ratio

between 1 and PhoP(O)H was performed. Notably, this reaction yielded an PhoPO-coordinated

Mg complex, bis(diiminate)-MgOPPh; (1), as a P(I1I) species. The *'P{'H} NMR spectrum of

10
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1’ displayed a peak at 88.6 ppm, Figure 3b, (see Figure S169 and S170), consistent with the
values observed in Ph,PO-bound magnesium complex!® (87.6 ppm), calcium complex®’ (89.6
ppm), and lanthanum complex?®® (87.2 ppm). This observation is attributed to the
tautomerization of PhoP(O)H (PV state) to the PhoPOH (P! state) prior to 6-bond metathesis.?’
Under reaction conditions, 1’ was further treated with phenylacetylene and diphenylphosphine
oxide, resulting in the formation of desired product 4a. However, to arrest the intermediate step
i.e. the partial hydrophosphinylation of alkyne to alkene analogue 4a’, we added 1:1 equiv. of
Ph,P(O)H and phenylacetylene to a 5 mol% solution of 1 in C¢Ds. After 4 hours of reaction at
room temperature, we observed a new *'P{'H} NMR signal at 27.6 ppm, (Figure 3b) and in 'H
NMR signals at 6.32 (dd) and 6.42 (dd) ppm were spotted. These NMR results along with mass
data confirmed the formation of 4a’ and suggested the reaction to undergo via mono-
hydrophosphinylation product (see Figure S171-173),%° as addition of two more equiv. of
Ph,P(O)H to the same reaction mixture and heating it at 80 °C for 12 hours led to the formation
of 1,2-diphosphinylated product 4a. The similar observation was also achieved with 4-

ethylphenylacetylene (Figures S174-S176).

Computational Studies: The density functional theory (DFT) based calculations have been
performed considering B3LYP and 6-31++G**/6-31G* level of theory, as implemented in
Gaussian 09 package.’!** In the optimized structure of 1, two monomeric units are connected
via an oxygen atom, with the Mg centers present at 12.9 A apart (see Figure S177). The highly
exergonic free energy change (AG) for the sequential addition of 2 units of Ph,P(O)H at the
Mg centers suggests both Mg centers are likewise active (see Figure S178). To reduce the
computational cost, we have considered the single monomeric unit (1M, M stands for monomer)
for the mechanistic investigation of the hydrophosphinylation of phenylacetylene. The
Ph,P(O)H reacts with pre-catalysts 1M to form the active catalyst 1" (Figure 3c), and the step

is found to be highly exergonic for both the cases. The calculated natural bond orbital (NBO)
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charges show that the Mg center in the monomeric unit 1™ and both the Mg centers in the

dimeric unit 1" are equivalent, making 1" representative of the overall activity of 1’ (see Figure
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Figure 3. (a) Mechanistic experiments; (b) Stack *'P NMR of diphenylphosphine oxide, 1’, 4a’

and product 4a (bottom to top respectively); (c¢) Reaction free energy profile diagram for the
hydrophosphinylation of phenylacetylene. All the calculations were performed with B3LYP-

D3/6-31++G**/6-31G* level of theory. Grey = C; Red = O; Green = P; Blue = N; Orange =
Mg; Yellow = H.

The overall reaction free energy diagram for the hydrophosphinylation of phenylacetylene
considering 1" as an active catalyst is shown in Figure 3¢. The reaction starts with the insertion

of phenylacetylene, PhAc into 1"™, resulting in intermediate AM with an endergonic energy
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change of 8.6 kcal mol™!. Subsequently, AM converted into five-membered ring intermediate
BM through a transition state TSM, with an activation barrier of 21.9 kcal mol™'. Afterwards,
the breaking of the Mg—O bond occurs in BM, leading to the formation of an alkene intermediate
4a’ with highly exergonic energy change (-34.1 kcal mol™') and regeneration of the active
catalyst 1'M. Further, the alkene intermediate 4a’ reacts with 1™ to produce two isomers CM
and C'™ (Figure 3c). The formation of CM is found to be energetically more favorable than
C™. The charge analysis of the 4a’ intermediate (see Figure S181) showed that the C2 carbon
of 4a’ is more electropositive |-0.166 ¢| than that of C1 carbon |-0.625 e| and thus less reactive
towards Mg centre leading to the formation of C'™. Finally, CM reacts with Ph,P(O)H to form
the desired product 4a, namely, 1,2-diphosphinylated alkanes, with the regeneration of active
catalyst 1. The significantly exergonic overall free energy change, along with the moderate
activation barrier, suggests that the reaction is highly feasible in the presence of the chosen

catalyst.
Plausible Mechanism

Based on both experimental and theoretical findings, the proposed reaction mechanism for this
study 1is illustrated in Scheme 3. Initially, diphenylphosphine oxide in its P(V) form
tautomerizes to its P(II) counterpart, producing PhoP(OH). This intermediate subsequently
reacts with compound 1 to form a diphenylphosphinoyl-coordinated magnesium complex (1').
Instances of alkyne and alkene coordination to alkaline earth metals are limited because these
metals exhibit lower Lewis acidity. In 2018, Hill, Maron, and colleagues demonstrated =«
overlap between the HOMOs of arenes and the valence nd orbitals of calcium in arene-calcium
complexes. * In the case of magnesium, while the cationic species [BDI-Mg] can bind to an
alkyne,*® the coordination of an alkyne to a neutral Mg(II) complex is influenced by the nature
of the attached ligand (Y in Mg-Y). The presence of the Ph,PO group in complex 1' imparts a
o+ charge to the magnesium (calculated |1.671 e|), enhancing its Lewis acidity compared to
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complex 1 (calculated [1.493 ¢|). Subsequently, the [Mg]-OPPh: unit induces polarization of

the m-electrons of the alkyne, facilitating the coordination of phenylacetylene to the magnesium

9 OH
]
@/E\Q tautomerization @ P\@

[Vio]"Bu | - Butane

0\\ o
ARz cM H Pth
Confirmed by 44 0 Ph—=—H
IH, 3'P NMR and Ph,P '
yMs Confirmed by
HO=PPh, IF] and 3'P NMR
2 Mg}—0

[ ] _“FPPh, i PPh,
P H Ph———H

1
ens! Lo
[Mg] = . T N/ N .Dipp Ph H
N-— |
Dipp )\/’\

Scheme 3. Proposed mechanism for the hydrophosphinylation of alkynes using complex 1.

center of complex 1' with an endergonic energy change of 8.6 kcal mol™’. The semi-
hydrogenation of alkynes using a magnesium-pincer complex demonstrated that the complex
facilitates alkyne coordination to the magnesium center with a AG value of 9 kcal mol".>” Once
the coordination of the alkyne to the magnesium center in complex 1' is established, it
transitions through a [3+2] transition state to form a five-membered intermediate. This
intermediate is then protonated by diphenylphosphine oxide, achieving partial
hydrophosphinylation of alkyne to yield alkenyl phosphine oxide (4a’). The newly formed

alkene moiety (4a’) is sufficiently reactive to facilitate further addition of diphenylphosphine
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oxide to complex 1', resulting in the formation of 4a through another five-membered
intermediate formation (see Figure 3c). The conversion of intermediate CM to 4a is
energetically favourable, establishing 4a as the thermodynamically controlled product. This is
further supported by experimental findings, which indicate that the alkenyl phosphine oxide
4a’ is only obtained when the reaction is conducted at room temperature, using a 1:1 equivalent

of PhoP(O)H and phenylacetylene in a 5 mol% solution of complex 1.
Hydrophosphinylation for alkenes

While there have been numerous studies on the transition metal-catalyzed
hydrophosphinylation of unsaturated organic substrates, there has been only one report by
Zheng and coworkers on the hydrophosphinylation of alkenes catalyzed by a Mg complex with
10 mol% of loading.’® With the success of hydrophosphinylation of alkynes using 1, we
investigated the catalytic activity of 1 for the hydrophosphinylation of alkenes. The
hydrophosphinylation of alkenes was carried out under the standard optimized conditions used

for alkynes.

We treated various alkenes which led to the formation of corresponding B-arylphosphine oxides
with 64-93% yields within 12 hours at 80 °C (5a-50) (Scheme 4). In the
hydrophosphinylation/hydrophosphination of alkenes, the addition of a phosphorus atom
across the unsaturated bond can proceed via either a 1,2-addition or a 2,1-addition mechanism,
yielding Markovnikov or anti-Markovnikov products, respectively.*® In our study, we observed
the formation of anti-Markovnikov products (5a-5h). With a,B-unsaturated alkenes or with

activated alkenes, predominantly conjugated addition products were isolated (5j-50).
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P
HB—Ph * R~ foyane ~ R
Ph 80 °C, 12h
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R = alkyl/aryl 5a-50, 64-93% (Isolated yield)
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Scheme 4. Hydrophosphinylation of alkenes catalyzed by Mg complex 1.

*Reactions were conducted with alkene (0.24 mmol, 2.0 equiv.), diphenylphosphine oxide
(Ph2P(O)H) (0.48 mmol, 4.0 equiv.), complex 1 (5 mol %) in hexane, in a pressure/sealed tube
at 80 °C for 12 h.

Conclusions

In summary, a series of bis(diiminate) magnesium complexes were synthesized and thoroughly
characterized using spectroscopic studies and employed them in the catalytic
hydrophosphinylation of alkynes and alkenes. Among the three complexes, complex 1 proved
to be the most effective in the hydrophosphinylation of both alkenes and alkynes under mild
conditions to afford high to excellent yields of organophosphorus compounds. In comparison,
complex 3 exhibited moderate catalytic activity, while complex 2 showed significantly lower

efficiency, highlighting the importance of ligand rigidity and electronic requirements on this
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catalytic transformation. We have shown that stoichiometric reactions between complex 1 and
Ph,P(O)H led to the formation of active species, 1’, which subsequently reacted with alkynes
to produce bis(phosphinylated) alkane derivatives, via mono(phosphinylated) alkene
intermediates. Further, gram scale synthesis of bis(phosphinylated) alkanes was achieved by
utilizing this method. All resulting derivatives and intermediates were characterized using 'H
and 3'P NMR spectroscopy and mass spectrometry. A theoretical study was conducted to
provide insights into the mechanistic pathway, that truly predicts the stepwise formation of
active catalyst 1’ and mono(phosphinylated) alkene via a five-membered cycle. These results
highlighted by tuning the ligand framework could influence a subtle change in Lewis acidity
at magnesium center. That facilitated a catalytic hydrophosphinylation reaction and showed
that s-block metal catalysts are cementing their ground as an alternative to transition metal

catalysts.
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