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DFT calculations reveal that proton-sponge-like monoprotonated
bisphosphines are exceptionally strong hydride donors, in some
cases surpassing Super-Hydride. This work establishes a new design
principle for metal-free hydride donors and highlights their
potential for CO, reduction.

Hydride transfer reactions are essential to a variety of chemical
transformations, ranging from fundamental redox chemistry to
large-scale industrial synthesis and enzyme catalysis."™ Con-
ventional hydride donors, such as borohydrides and transition-
metal hydride complexes, are highly effective but have several
well-recognized limitations. In particular, reagents like NaBH,
and LiBH, exhibit high reducing power but limited control
over chemoselectivity. Their use typically requires anhydrous
conditions and results in stoichiometric inorganic residues,
posing challenges for sustainable synthesis and large-scale
processing.> A further limitation arises with metal-hydride
catalysts, many of which rely on precious or rare transition
metals (Ir, Rh, Ru, Pd) that are expensive and difficult to recover
or recycle. Main-group alternatives such as ammonia-borane
avoid the use of transition metals but still generate element-
containing by-products, can be thermally unstable, and are
difficult to regenerate.

Designing new organic, metal-free hydride donors can
address some of these challenges by eliminating the use of
critical metals, reducing environmental impact, and enabling
milder, more chemoselective reductions. Well-known examples
of metal-free organic donors include Hantzsch esters, NADH
(and its synthetic dihydropyridine mimetics), and several
recently investigated guanidine-based derivatives.””® These
reagents mitigate some of the drawbacks mentioned above
but possess their own limitations. Specifically, although several
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examples of benzimidazole-based strong organic hydrides with
hydricities as low as ~33 kcal mol~" have been reported, they
often display limited hydride-donating ability for challenging
reductions and may be insufficient to reduce highly inert
substrates. In addition, organic hydrides frequently suffer from
kinetic limitations, as high activation barriers for hydride
transfer result in sluggish reaction rates. Several of these NADH
mimetics have recently been employed as homogeneous cata-
lysts for the electro- and photochemical reduction of CO, to
formate and other reduced carbon species.”*® Such studies not
only demonstrate their catalytic versatility but also highlight
the importance of hydride-donor strength as a key thermody-
namic parameter governing reactivity.

The strength of a hydride donor determines which reactions
it can promote, so hydricity has become an important para-
meter for comparing different hydride sources. Among the
various transformations governed by hydride transfer, the
reduction of CO, has emerged as a particularly informative
benchmark, as it requires a donor with well-defined and
quantifiable hydricity. For CO, reduction to formate, the
hydride donor must be sufficiently strong to transfer H™ to
CO,; in thermodynamic terms, its hydricity should be more
favorable than that of the formate anion, which is approxi-
mately 44 kcal mol™ " in acetonitrile.”

Hydricity, AGy;-, (hydride donor strength), is defined ther-
modynamically as the Gibbs energy change for the reaction:

A—H-> A +H

Because hydride release is generally endergonic in the
absence of a hydride acceptor, AGOH, values are positive; thus,
lower hydricity values correspond to stronger hydride donors
with a greater tendency to transfer H™ to an acceptor. According
to the classification proposed by Glusac et al.,'® formate anion
lies near the boundary between ‘strong” and ‘“moderate”
hydride donors, while the transition from ‘“moderate” to
“weak” donors occurs around 80 kcal mol™" in acetonitrile.
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Fig. 1 Structures of protonated phosphines (1), bisphosphines (2) and
monophosphines (3) examined in this study.

In recent years, neutral phosphines bearing strongly
electron-donating substituents (whose protonated forms, 1b-
1f, are shown in Fig. 1) have been studied as efficient Bronsted
bases and as ligands for transition-metal complexes."™* Some
synthesized examples (e.g., 1e and 1f) have set new records for
basicity, even surpassing the classical Schwesinger bases.'*
Their extraordinary basicity arises from stabilization of the
conjugate phosphonium cation by the electron-donating sub-
stituents. Although the pKgpy+ values of the cited protonated
phosphines have been measured experimentally and character-
ized computationally, to the best of our knowledge, the
potential for protonated phosphines to act as hydride donors
has never been investigated. However, when a protonated
phosphine releases a hydride, the resulting phosphorus-
centered dication can be stabilized by electron donation from
strong donor substituents into the vacant p orbital, making the
protonated phosphine a potentially powerful hydride donor.
Further, charge analysis of protonated phosphines 1a-1f
indicates that the H atom bound to the central phosphorus
carries a non-negligible fraction of negative charge (Table S1),
opposite to the behavior of protonated nitrogen bases. Driven
by these insights, we set out to probe phosphines bearing
powerful electron-donating groups as hydride donors, and to
test their capacity to transfer H™ under mild, metal-free condi-
tions. We began by computing the hydricities of phosphines
1a-1f (depicted in Fig. 1) in acetonitrile.

Glusac® and Lee® showed that the ®B97X-D functional
accurately reproduces experimental hydricities; thus, it is
employed here (see SI for details). Results are presented in
Table 1. The computed hydricities range from 71.8 to 95.3 keal
mol !, placing these compounds among moderate-to-weak
hydride donors. As with basicity, the strongest hydride donors
are the phosphines bearing the most strongly electron-
donating substituents (1e and 1f). As anticipated, the dication
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formed by hydride loss from the protonated phosphine is
resonance-stabilized, which was confirmed by Natural Reso-
nance Theory (NRT) analysis for compound 1f. The analysis
shows that the three most significant resonance structures,
each contributing equally (8.6%; 25.8% in total), feature a P-N
bond with partial double-bond character between the central
phosphorus atom and each of the three adjacent nitrogen
atoms (Fig. S1).

Although the present calculations show that protonated
phosphines can behave as hydride donors, their hydricities
remain far too high to be useful for CO, reduction. This raises
the question of whether the hydride-donating properties of
phosphines can be further enhanced. To increase pKgy+, one
strategy is to place two basic moieties in close proximity to each
other. The first compound to demonstrate this effect was the
so-called “proton sponge”, 1,8-bis(dimethylamino) naphtha-
lene (DMAN), synthesized by Alder in 1965."> The strategy of
enhancing basicity by bringing two basic sites into proximity
has since been widely applied in the design of strong organic
bases, mostly nitrogen-based systems."'®> Proton-sponge ana-
logues based on alkyl- and arylphosphines have been synthe-
sized and investigated in the context of Brensted basicity and
the strength of intramolecular P-H- - -P interactions.>* " In this
regard, both neutral and monoprotonated forms of bispho-
sphines have been experimentally prepared. However, it
remains an open question whether incorporating two phos-
phine moieties into a proton-sponge-like framework influences
the hydricity of their protonated forms. To the best of our
knowledge, the hydricity of bisphosphine systems has never
been systematically investigated. However, a one study by Ste-
phan and co-workers demonstrated that a bisphosphine dication
based on 1,8-bis(diphenylphosphino)naphthalene, in combi-
nation with tri-tert-butylphosphine (tBuzP), can heterolytically
cleave H,, with the bisphosphine dication accepting a hydride
to form the monoprotonated 1,8-bis(diphenylphosphino)-
naphthalene, while the proton is transferred to tBuzP.*® This
experimental observation unequivocally demonstrates that the
bisphosphine dication is capable of hydride acceptance, yielding
the monoprotonated species—effectively the reverse of hydride
donation reaction by monoprotonated bisphosphines studied
here. To quantify the effect of incorporating of two phosphine
moieties into a proton-sponge-like framework, we calculated the
hydricities of bisphosphines 2a-2f (Fig. 1). The results are
presented in Table 1. Compared with phosphines 1a-1f, the

Table 1 Hydricities of protonated phosphines (Phos), bis- and monopho-
sphines shown in Fig. 1, and their relative differences. All values in kcal
mol~*

AAGY;- AAGy-
Phos AG,- Bis AG, (1-2) Mono AGy-  (3-2)
1a 95.3 2a 415 53.8 3a 103.8  62.3
1b 84.4 2b 375 46.9 3b 96.1 586
1c 77.2 2¢  26.5 50.7 3c 932 66.7
1d 84.3 2d 389 45.4 3d 98.4  59.5
1e 78.3 2e  24.6 53.7 3e 942  69.6
1f 71.8 of  17.4 54.4 3f 932 758
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bisphosphines show a pronounced reduction in AG;_ by
45.4-54.4 keal mol ", corresponding to a marked enhancement
of hydride-donor ability. Surprisingly, compounds 2e and 2f
appear to be even stronger hydride donors than Super-hydride
[Et;BH]
of 26 kecal mol™ " in MeCN.” This large decrease in AG};— can be
rationalized by thermodynamic stabilization of the resulting
phosphorus-centered dication via formation of a donor-acceptor
P-P interaction (dative bond) within the dication (Fig. 2a). The
P-P distance in dications 2a-2f (Table S2) corresponds to the P-P
single bond distance (2.21 A) in diphosphines.”” To estimate the
contribution of inter-phosphine interactions to the hydricity of
bisphosphines 2a-2f, we computed the hydricities of the corres-
ponding monophosphines 3a-3f (Fig. 1). As expected, their
AGy;- values are higher than those of 2a-2f (Table 1). The
hydricity differences between series 3 and 2 range from 59.5 to
75.8 keal mol ™", indicating strong interunit interactions. Table 1
shows that hydricity increases with the electron-donating
strength of substituent R but exhibits a saturation trend, sug-
gesting an upper limit to bisphosphine hydricity. Similar beha-
vior and upper bounds have been reported for Brensted
basicity.”® The difference in hydricity between systems 2a-2f
and 3a-3f is influenced by interactions between the phosphine
moieties in both the protonated form and the dication. To
further assess the impact of P-P bond formation on the stability
of the dication, we also evaluated this interaction using a
homodesmotic reaction (Fig. S3), with the results summarized
in Table S3. The monophosphines 3a-3f also exhibit weaker
hydride-donor ability than the phosphines 1a-1f, consistent with
replacing one strongly electron-donating R group with a
naphthalene unit, a weaker electron donor.

Inspection of the geometries of protonated bisphosphines
2a-2f revealed a noteworthy structural feature. Namely, nearly
all so far designed and synthesized proton sponge analogues
adopt so-called in-in substituent orientation (Fig. 2b), where
the lone pairs on the basic nitrogen atoms are oriented inward
while the substituents point outward. The only reported case in

, which has an experimentally determined AG};- value
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Fig. 2 (a) Formation of dative P—P bond in dication upon hydride dona-
tion from protonated bisphosphines. (b) Representation of in—in and in—
out proton sponge.
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which a proton sponge adopts an in-out orientation in protonated
form, despite the absence of 2,7-substitution on the naphthalene
core that could sterically favor such a conformation,?*° involves a
combination of diisopropylamino cyclopropenimine and dimethy-
lamino substituents at 1,8 positions of naphthalene in the so-
called “Janus proton sponge”.”'

Among the six studied bisphosphines (2a-2f), compounds
2a and 2d exhibited an in-out conformation. In such in-out
proton sponges, the proton binds to the electron pair oriented
outwards. A possible explanation for why 2a and 2d adopt the
in-in conformation, whereas 2b, 2¢, 2e, and 2f adopt the in-out
conformation, is provided in the SI, together with a comparison
of the relative stabilities of these conformers across all bispho-
sphine species (Table S4) and an NBO analysis of both con-
formations (Table S5).

From the obtained hydricity data, it appears that all studied
bisphosphines have thermodynamic hydricities below
44 kecal mol ", indicating they are capable of reducing CO.,.
The next important aspect is the kinetics of hydride transfer
from protonated bisphosphines 2a-2f towards CO,. Applying
the same computational model used for hydricity calculations,
we explored the potential-energy surface for this process.

Dielmann et al. demonstrated that electron-rich phosphines
(e.g., 1c) can bind CO, to form air-stable adducts,*" (see Fig. S4
and related discussion in the SI) which represent a typical
example of CO, capture.®” Motivated by these findings, and
by the possibility of achieving combined CO, capture and
conversion,*® we investigated the ability of the neutral phos-
phine moiety in 2a-2f to bind CO,. The Gibbs energy of binding
is positive in all cases except 2e, which shows a marginally
favorable value of —0.1 kecal mol™* (Table S6), indicating that
the studied protonated bisphosphines do not bind CO,. The
fact that none of the bisphosphines 2[a—f] bind CO, likely arises
from the replacement of one strongly electron-donating group
with a naphthalene unit, which renders the phosphine center
less electron-rich. This interpretation is consistent with the
findings of Dielmann and co-workers, who showed that only
phosphines bearing three strongly electron-donating substitu-
ents bind CO,.*" Further, we found that, with the exception of
2a and 2d, the hydride-transfer reaction to CO, proceeds in two
steps, as depicted in Fig. 3. In the first step, a relatively high-
energy intermediate (Int) in which the two phosphorus atoms
are bonded is formed via transition state TS1. In the second
step, a hydride is transferred to CO, via transition state TS2,
yielding the bisphosphine dication and the formate anion
(Products). The energies for these processes are reported in
Table 2. Transition state TS1 corresponds to P-P bond

+ + 2+
H
R\P : R_| R\P F!’/Rj R\P E
o R R/ \R Co2 R/ \R
e +HCOO
TS1 TS2

2[a-f] Int
Fig. 3 Reaction pathway for hydride transfer.

Products
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Table 2 Relative energies of species involved in the hydride transfer
process (in kcal mol™)

Bisphosphine TS1 Int TS2 Products
2a — — 21.8 -3.0

2b 14.9 13.2 36.7 —6.5

2¢ 14.9 11.4 37.7 —-17.5
2d — — 24.3 —=5.1

2e 19.9 13.6 29.4 —13.3

2f 17.4 10.3 32.8 —26.4

formation, and the activation energies are relatively low, not
exceeding ~20 kcal mol . By contrast, the hydride-transfer
barriers (except for 2a and 2d) are considerably high, mostly
around or above 30 kcal mol™", indicating slow kinetics. Inter-
estingly, for bisphosphines 2a and 2d, no intermediate is
formed; hydride transfer proceeds in a single step with rela-
tively low barriers of 21.8 and 24.3 kcal mol *, respectively.
These values are comparable to the lowest hydride-transfer
values reported for recently studied guanidine analogues® and
some benzimidazole-based hydrides.** We note that 2a and 2d
are the only protonated bisphosphines exhibiting an in-out
orientation of the phosphine groups. It is evident that this
phosphine-group orientation favorably affects the kinetics of
hydride transfer. One likely explanation is steric in nature. In
intermediate Int, the phosphine groups come into closer proxi-
mity to each other than in the starting structure (see above).
Consequently, CO, must insert between them to enable hydride
transfer (with CO, approaching from above relative to the
bisphosphine), thereby increasing steric repulsion (see
Fig. S5a). In 2a and 2d, CO, approaches the bisphosphine
laterally instead, avoiding this steric clash (Fig. S5b). Further,
in both compounds, given the in-out orientation of the phos-
phine groups, a more favorable interaction is enabled between
the lone pair on one phosphorus atom and the P-H antibond-
ing orbital on the protonated phosphine, thereby enhancing
the hydride character of the H atom on the protonated phos-
phine group. It should be noted that the reduction of CO, by
the protonated bisphosphines examined in this work is not
regarded as a catalytic process but rather as a stoichiometric
reaction. Whether the bisphosphine dications can be regener-
ated, either by reaction with H, or electrochemically, and thus
act as catalysts for CO, reduction, remains to be explored in
future studies. However, for the catalytic process to proceed,
the phosphine dication formed upon hydride transfer should
not be highly electrophilic and should not react favorably with
the formate anion. Therefore, we calculated the Gibbs free
energies of the dication-formate reactions, and the results
are presented in Table S7. As can be seen, the reaction of the
phosphine dication with formate is endergonic for all studied
bisphosphine species.

In conclusion, our calculations show that proton-sponge-
like protonated bisphosphines with strongly electron-donating
substituents are exceptionally powerful hydride donors, in
some cases surpassing Super-Hydride. Their kinetic properties
depend on phosphine orientation, with the in-out form
exhibiting relatively low barriers (21.8-24.3 kcal mol™'). These
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findings open new avenues for designing strong metal-free
hydride donors.
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