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Abstract: Aminophosphates are the focus of research on prebiotic phosphorylation chemistry. Their bifunctional nature
also makes them a powerful class of organocatalysts. However, the structural chemistry and dynamics of proton-binding
in phosphorylation and organocatalytic mechanisms are still not fully understood. Aminophosphine chalcogenides,
preserving the central H,N—P*—Ch" structural motif, represent well-suited molecular models that mimic proton-binding,
hydrogen-bond switching and supramolecular self-assembling behavior of catalytically and prebiotically relevant
molecules. Through spectroscopic (IR, '"H DOSY, “N NMR), molecular dynamics, and computational investigations, the
dynamic proton switching capability of aminophosphate analogs was demonstrated. It was shown under which conditions
the amino (NH,) or chalcogen (Ch) functions in H,N—P*—Ch" structural units are protonated. In fact, all conceivable
modes of hydrogen-bonding were identified, revealing substantial differences between the oxygen derivative and the
heavier congeners. Using coordinating anions, supramolecular zigzag- and cube-shaped arrangements were found in the
solid-state and in solution. After break-up of the cube structure, the sulfides and selenides no longer form stable
interactions with HCI molecules. In the absence of coordinating anions, however, protonation of the chalcogen function
is preferred. In contrast to the oxygen derivative, the heavier protonated congeners show dynamic intramolecular

Q)roton-hopping between the chalcogen and the amino function. )

Introduction

Hydrogen-bonds are crucial for the stabilization of intermo-
lecular interactions in biological systems, in catalysis, and in
supramolecular self-organization processes."! The under-
standing of hydrogen-bond interactions has also profoundly
influenced the field of catalysis.”)’ BINOL-derived
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(thio)phosphoric acids® and phosphoramides are among
the most prominent organocatalysts for a variety of asym-
metric transformations (Figure 1, A). For such systems, it
turned out that the mechanistic picture is much more
complex than one might assume and that the interplay of
hydrogen-bonding and ion-pairing is of significant impor-
tance for the actual mode of activation.”! Phosphine sulfides
(R;PS) themselves are also increasingly used in catalysis,
find application as synthetic intermediates” and in func-
tional materials,®” and are an integral part of the design of
new types of ligands." Furthermore, recent work has
highlighted the prominent role of phosphonium chalcoge-
nides, particularly selenium derivatives, in the field of
chalcogen-bonding catalysis, a rapidly emerging new concept
in organocatalysis (Figure 1, B).!")

Another research area in which phosphate species have
received particular attention is the chemistry of prebiotic
systems.'? Especially aminophosphates exhibiting the bi-
functional structural motif H,N—P*—O~ have long been the
focus of interest in origin of life studies, as they are
considered plausible and efficient prebiotic phosphorylation
reagents in aqueous environments (Figure 1, C).'*"! In this
context, also thiophosphate (PSO;*") has been found to be a
potent prebiotic reagent™ and just recently, a photochem-
ical process has been proposed as a possible source of
thiophosphate on the early Earth.!"!

However, given the importance of hydrogen-bonding
pattern and proton transfer processes involving phosphorus-
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A) BINOL-Derived (Thio)phosphoric Acids
and Phosphoramides as Organocatalysts:
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- ldentification of all conceivable hydrogen-bond formation scenarios I-IV
- Understanding self-organization processes and dynamic proton-hopping
- Combined methods: 'H DOSY, ®N NMR, XRD, IR, MD simulations, DFT

Figure 1. Phosphorus-chalcogen and phosphorus-amino subunits as
key functions in A) BINOL-based (thio)phosphoric acids and phosphor-
amides for use in hydrogen-bond catalysis, in B) phosphonium
chalcogenides that find application in chalcogen-bond catalysis, and in
C) molecules that are considered crucial for prebiotic phosphorylation
processes. D) This work: Aminophosphine chalcogenides investigated
herein as well-suited bifunctional model systems for mimicking catalyti-
cally important and prebiotically relevant phosphate species. General
principles of hydrogen-bonding modes and proton-binding scenarios
depending on the type of counteranion. R=1tBu, Cy; X~ =coordinating
or weakly coordinating anion

containing compounds in prebiotic scenarios,>™ in bio-

logical systems,'®! and in catalysis,!'”) the role of phosphate
species in proton-binding and hydrogen-bonding is still
poorly understood. Just recently, it was shown that the
ability of phosphate-based Brgnsted acid catalysts to bind
substrates in a mono- or bidentate fashion has a crucial
influence on the pathways of the catalytic reaction and the
stereoselectivities."™ The need for a better understanding of
proton-binding in phosphate species is also particularly
justified by the fact that the protonation of aminophosphates
and thus the pH dependence was found to play an essential
role in prebiotic phosphorylation mechanisms." In this
context, the question of whether the oxygen or nitrogen
function is protonated has long been debated.”

Phosphonates and phosphine chalcogenides are well-
suited organic phosphorus derivatives that can mimic pre-
biotic, biological, and -catalytically important phosphate
molecules by restricting the structural pattern to crucial
functional motifs.”!! Feringa et al. for example,”?! recently
presented a plausible chiral amplification scenario based on
hydrogen-bonding between the P*—O~ and N—H functions
of aminophosphates and highlighted the possible role of
phosphorylated amino acids in the emergence of prebiotic
homochirality.?
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We therefore focus here on aminophosphine chalcoge-
nides [(R,P(Ch)(NH,)], which are organic derivatives of
aminophosphates (Figure 1, D). They preserve the central
H,N-P*—Ch"~ function, whose potential and relevance for
organocatalysis and the chemistry of prebiotic systems has
recently already been recognized.”'**?! Both functional
units, the amino group (NH,) and the phosphorus chalcoge-
nide group (P*—Ch~, Ch=0, S, Se), are in principle capable
of proton-binding and can therefore act as binding sites in
hydrogen-bonded assembling processes and organocatalysis
(Figure 1, D). Studying structure and dynamics of proton
transfer and hydrogen-bonding modes in the presence of
coordinating and weakly interacting counteranions can
provide fundamental insights into the functioning of molec-
ular switches.””” However, a systematic investigation of the
counteranion-dependent protonation and hydrogen-bond
switching capability of the fundamentally important bifunc-
tional H,N-P*—Ch~ structural motif has not yet been
undertaken. Our investigation is the first to systematically
address the structural chemistry and dynamics of proton-
binding in aminophosphate analogs in the presence of
different counteranions to answer the question of how the
two competing acceptor atoms (N, Ch) are involved in
hydrogen-bonding both in the solid-state and in solution,
and to reveal under which conditions the protonation of one
of the two binding sites is preferred. Our approach consisted
of a combination of various spectroscopic methods (IR, 'H
DOSY, "N NMR), density functional theory (DFT) calcu-
lations, molecular dynamics (MD) simulations and crystallo-
graphic analyses, and also considered the implications of
stereochemistry on the formation of homochiral hydrogen-
bonded assemblies. The results of this investigation are of
fundamental importance for our understanding of protona-
tion in prebiotic systems as well as for the design of new
bifunctional catalyst systems based on hydrogen- and
chalcogen-bonding.

Results and Discussion
Ch—H---X Versus N—H---X Hydrogen-Bonding

We have structured our discussion in such a way that we
first consider the structures in the solid-state in detail before
expanding our view to an in-depth analysis of the structural
and dynamic behavior in solution.

The molecules investigated were the achiral di-tert-
butylaminophosphine oxide (1), sulfide (2), and selenide (4)
as well as the P-stereogenic (tert-butyl)cyclohexyl-
aminophosphine sulfide in its racemic [(rac)-3] and enantio-
merically pure form [(Rp)-3]. The latter was synthesized
according to our recently established method to provide P-
stereogenic aminophosphine sulfides.”! All precursors were
subjected to protonation with excess hydrogen chloride in
diethyl ether at room temperature, the HCl adducts
[1-HC1],, [2-HCl],, [(Rp)-3-HC],, [(rac)-3-HC],, and [4-HCl],
being obtained as single-crystalline solids (Scheme 1).

Single-crystal X-ray diffraction analysis of compound
[1.HCI] (Figure 2) showed protonation of the P*—O~ unit
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Scheme 1. Synthesis of hydrogen chloride adducts of aminophosphine

chalcogenides (Ch=0, S, Se).

Figure 2. Part of the two-dimensional, zigzag-like molecular chain
structure in the crystal structure of the hydrogen chloride adduct
[1-HCl], (Ch=0) (displacement ellipsoids are set at the 50%
probability level). Hydrogen atoms, except for the OH and NH, groups,

are omitted for clarity.””)

[2-HCI],
Ch=8

[(Rp)-3-HCI],
Ch=35
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and thus expression of the Ch—H-X (Ch=0, X=C(l)
hydrogen-bond motif (I in Figure 1, D).””! However, since
both the OH and NH, groups participate in hydrogen-
bonding to the chloride ion, a two-dimensional chain
structure [1-HCI], in a zigzag-like shape is formed with N--Cl
distances of 3.257 A and 3.312 A and an O--Cl distance of
2.921 A. The overall structure exhibits a “sandwich” profile,
consisting of an “inner”, polar hydrogen-bond network lying
between non-polar layers formed by the fert-butyl groups.
These individual layers are held together via dispersion
interactions between the aliphatic groups. A detailed
examination of the interaction pattern in the crystal
structure of [1-HCI], also revealed that attractive C—H--Cl
contacts could play a supporting role in the formation of the
hydrogen-bonded chain structure (for details on crystal
structure analysis, see the Supporting Information, SI).

In contrast to the oxygen case (see Figure?2), in the
solid-state structures of the sulfides [2-HCI], [(Rp)-3-HCI],
and [(rac)-3-HCI] as well as the selenide [4HCI] (Figure 3),
the N—H--X (X=Cl) hydrogen-bond motif is expressed (II
in Figure 1, D).’ The four crystal structures each consist of
hydrogen-bonded tetramers with a cubic core whose corners
are alternately occupied by ammonium and chloride ions.
The tetranuclear hydrogen-bonded units of the heavier
congeners interact with each other through the largely non-
polar outer regions (i.e. the fert-butyl and chalcogen
functions) through both dispersive and Ch--H—C interac-
tions. All cubes, except for the racemic case, show Ty
symmetry. The asymmetric unit of the crystal structure of
[(rac)-3-HCl], contains two types of heterochiral, diastereo-
morphic cubic tetramers with the racemic composition
(Sp,Sp,Rp,Rp) and the enantiomerically enriched composition
(Sp,Sp,Sp,Rp). The two diastereomeric cube formations in the
asymmetric unit are held together by dispersive and
Ch-H—C interactions between molecular fragments of the
same configuration at phosphorus [(Sp,)~(Sps)/(Rp3)~(Rpg)]-
Viewed in the light of the homochiral tetramer [(Rp)-3-HCl],
with the composition (Rp,Rp,Rp,Rp), Which was formed from
an enantiomerically pure sample, the appearance of molec-
ular hydrogen-bonded aggregates enriched in one enantiom-
er is a remarkable finding with respect to the emergence of

[(rac)-3-HCl],
Ch=8

[4-HCI,
Ch = Se

Figure 3. Cubic supramolecular assemblies in the crystal structures of the hydrogen chloride adducts [2-HCl],, [(Ry)-3-HCl],, [(rac)-3-HCl],, and

[4-HCl], (displacement ellipsoids are set at the 50% probability level).
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homochirality and chiral self-recognition mechanisms in
supramolecular assemblies.”'**? DFT calculations [M062X/
6—314+G(d)]*> of the three separate diastereomorphic
cubes using the polarizable continuum model (PCM)BY
(solvent: dichloromethane, DCM) showed a significant
gradation of the Gibbs energies (AG) of the solvated cubes
in the order (Rp,Rp,Rp,Sp) (0kImol™")<(Rp,Rp,Rp,Rp)
(4 kJmol™") < (Rp,Rp,Sp,Sp) (14 kImol™") with a clear ener-
getic preference for the two scalemic tetramers. Above all, it
is clear that the P*—Ch™ units (Ch=S, Se) of the cubane-
like supermolecules [2-HCl],, [(Rp)-3-HCl],, [(rac)-3-HCI],,
and [4-HCl], remain unprotonated in the solid-state. Instead,
the three hydrogen atoms of each NH; unit point along the
edges of the cube toward a chloride acceptor.

In the case of aminophosphine sulfides and selenides,
only the amino functions are involved in the assembly
process, provided the counteranion is capable of hydrogen-
bonding. Apparently, in case of N-P*—S~ and N-P*—Se"~
pattern, an ammonium ion-based hydrogen-bonded cube
assembly appears to benefit from a significant energy gain
over protonation of the phosphine chalcogenide moiety that
occurs in case of an N—P*—O~ pattern.

Molecular cubic clusters held together exclusively by
hydrogen-bondst™ are particularly interesting in terms of
spontaneous self-assembly and they are often thought to act
as shape-determining building blocks for the formation of
larger superstructures.® Protonated primary amines have
always played an important role in cubic assemblies because
they can form a three-dimensional network by incorporation
of all three hydrogen atoms, provided appropriate hydro-
gen-bonding acceptor atoms are present.’ However, so far,
all hydrogen-bonded cubane-like arrangements known from
the literature lack functional groups in the periphery of the
cubic core and are therefore limited in their expandability.
Besides that, only little is known about the solution
structures of fundamental inorganic functional pattern
concerning their involvement in different hydrogen-bond
motifs.

To get insight into the structures of these basic func-
tional molecules in solution, we performed 'H-diffusion-
ordered NMR spectroscopic (‘H DOSY) measurements™!
of the previously isolated supermolecules [1-HCI],, [2-HCl],,
[(Rp)-3-HCI],, and [4HCI], in DCM at room temperature
with different concentrations.

Beginning with the heavier congeners (Ch=S, Se), the
hydrodynamic volume of compound [2-HCI] increased
continuously from 435 A% (30 mM) to 670 A (50 mM) to
905 A (100 mM), the latter has about four times the volume
of the non-protonated monomeric reference molecule 2
(248 A%). To exclude possible hydrogen-bonding interactions
between the amino and sulfur moieties of compound 2 itself,
di-tert-butylchlorophosphine sulfide was used as an addi-
tional reference molecule, for which a quite similar volume
of 228 A’ was obtained. These results clearly indicate an
increasing tetrameric association with increasing concentra-
tions also in DCM solution and correspond well with a cubic
synthon composition like [2-HCI], as found in the crystal
structure (see Figure 3). The same conclusion can be drawn
for the homochiral, enantiomerically pure cube [(Rp)-
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3-HCl], (for details, see the SI, Table S1). For the HCl
adduct of the selenium derivative [4-HCI], a higher concen-
tration of 500 mM was required for an almost complete
formation of a tetrameric assembly [4-HCI],. The hydro-
dynamic volume of 855 A’ is in turn about four times larger
than the volume of the respective non-protonated reference
molecule (4: 235 A3). Reducing the concentration of com-
pounds [2-HCI],, [(Rp)-3HCI],, and [4HCI], to 5mM
resulted in the formation of a solution species that is clearly
indicative of a monomer according to the measured hydro-
dynamic volumes of 265 A? 273 A3 and 251 A%, respec-
tively.

Concentration-dependent and variable temperature 'H
and *'P NMR spectroscopy of the sulfur- and selenium-
based compounds [2-HCl] and [4-HCI] are consistent with
the results of the 'H DOSY measurements (for details, see
the SI). In the P NMR spectrum of [2-HCI], two defined
species can be identified when the concentration increases
or the temperature decreases (Figure 4, top, right). The *'P
NMR signal of §=94.2 ppm at 5mM (DCM) and 298 K
differs only slightly from the free molecule 2 [5(''P)=
94.1 ppm]. Under these conditions, fully in agreement with
the DOSY results, only a monomeric species is present,
which apparently does not form a stable bond to an HCl
molecule (therefore referred to as 2y, in the following). As
the concentration increases (condition A, Figure 4) or the
temperature decreases (condition B, Figure 4), the forma-
tion of a second species at the expense of 2y can be
increasingly recognized, to which a significantly downfield-
shifted *'P NMR signal of §=111.5 ppm can be assigned.
When viewed together with the DOSY measurements, this
second species can clearly be identified as the cubic
aggregate [2-HCI],. The latter seems to be exclusively
present in a 100 mM DCM solution at 298 K. In a 10 mM
DCM solution, compound [2-HCI], can be identified as the
sole species at temperatures below 273 K. Here too, the
lower tendency of the selenium congener to aggregate is
evident: When the temperature decreases for a 10 mM
DCM solution of [4-HCI], the 'H and *'P NMR signals for
the P-NH, group of 4y, can still be clearly observed even at
193 K (see the SI, Figures S104 and S105).

The increasing formation of cube [2-HCI], with increas-
ing concentration can also be monitored using infrared (IR)
spectroscopy (Figure 4, top, left). The difference IR absorp-
tion spectra normalized to the concentration in DCM
showed that the intensity of the broad band at 2750 cm™
(N-H stretching vibration of the NH; groups) increases
from 10 mM to 100 mM. Furthermore, for cube [2-HCl],, the
strongly downfield-shifted 'H NMR signal at J§(‘H)=
9.56 ppm can be clearly assigned to the P-NH; group. The
'"H NMR signal of 254 (5mM in DCM, 298 K) at 5=
2.14 ppm is, however, in the same chemical shift region as
the P-NH, group of the free molecule 2 (6=2.20 ppm),
surprisingly indicating a free, non-protonated amino group
in case of 2. In agreement of this, the IR spectra of species
2 and the free reference compound 2 in DCM are also
almost identical (for details, see the SI, Figure S107).

Definitive evidence of the P-NH, group of compound 2
being virtually unaffected by HCI at low concentrations is
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Figure 4. Investigation of the self-assembly process of aminophosphine sulfide 2,,, to the cubic supermolecule [2-HCI], in DCM solution. Evidence
of a total loss of stable interactions between compound 2 and HCl when the concentration decreases or the temperature increases. Top, left:
Difference IR spectrum ([2-HCI], — 2) normalized to different concentrations. Top, right: Concentration-dependent (A) and variable temperature *'P
NMR spectroscopy (B) of the association process. Bottom, right: "N NMR spectroscopy of [2-HCI] (100 mM) to clearly identify the association
mode of compound 2 in the presence of hydrogen chloride in solution. Bottom, middle: The self-assembling process toward the cube aggregate

[2:-HCl], could be followed by MD simulations.

provided by ’N NMR spectroscopy. The "N NMR spectrum
of N-labeled, free 2 shows a triplet of doublets at 6=
29.1 ppm with Yy p = 22.2 Hz and Jy_;="76.0 Hz (see also
Figure 8, later in the discussion). The 'Jy_j; coupling constant
of aminophosphine sulfide 2 can even be interpreted as a
clear indication of a pyramidal geometry around the nitro-
gen atom of the P-NH, group.” Although the 'y
coupling of 254 (S mM in DCM, 298 K) is only weakly
resolved due to the low concentration, the chemical shift
[6(**N)=29.0 ppm] and the 'Jy_p coupling constant (22.4 Hz)
obtained from the 'H-decoupled “N{"H} NMR spectrum are
almost identical to that of the free molecule 2. "N NMR
spectroscopy at 193 K of the '"N-labeled tetramer [2-HCI],
(100 mM) shows an excellently resolved and significantly
downfield-shifted quartet of doublets at d=62.6 ppm with
Y p=34.0 Hz and 'Jy_4=68.0 Hz, which is clear evidence of
an sp>-hybridized and protonated nitrogen atom in the form
of a P-NH; group. This signal is accompanied by a small,
broadened triplet at 29.0 ppm belonging to a small equili-
brium amount of 2y, (Figure 4, bottom, right). In fact, °N
NMR spectroscopy unambiguously proves the protonation
of only the NH, function of the heavier phosphine
chalcogenides (Ch=S, Se) and indicates a rigid and tight
hydrogen-bonded association of four [2-HCI| units to a
[2HCI], aggregate in solution that most closely matches a
cube structure as found in the solid-state. The experimental

Angew. Chem. Int. Ed. 2025, 202425049 (5 of 13)

finding of tetrameric cube-shaped aggregates in DCM
solution was impressively confirmed in molecular dynamics
(MD) simulations, in which the according structures (Fig-
ure 4, bottom, middle) emerge after starting from a random
distribution of reactants. Since the results from experiments
and computations are fully consistent, the cubic super-
molecule [2-HCl], is clearly identified as the stable form of
the HCI adducts in the case of the heavier congeners.

At this point, however, the exciting question arises as to
what the oxygen congener [1-HCI] actually looks like in
solution. Here too, an increasing association can be clearly
seen in 'H DOSY measurements as the concentration
increases from a 0.2mM to a 200 mM DCM solution at
298 K (Figure 5, top, left). In the same direction, the
hydrodynamic volume increases from 278 A3 to 890 A® and
therefore asymptotically approaches a value that is approx-
imately four times the volume of a monomeric species.
Remarkably, with increasing concentration, the *'P NMR
signal of compound [1-HCl] undergoes a downfield shift
from 683 ppm (2mM) to 71.3 ppm (200 mM) at 298 K
(Figure 5, top, right). For comparison, the *'P NMR signal of
free 1 appears at 55.2 ppm with 'Jy p=15.7 Hz. This already
indicates a transition from a monomeric HCI adduct [1-HCI]
at very low concentrations to a higher degree of aggregation,
presumably in the form of a tetrameric species. Could this
also be due to the formation of a cube structure analogous
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Figure 5. Investigation of the supramolecular chemistry of the HCl adduct [1-HCI]. Top, left: '"H DOSY measurements at 298 K to investigate the
self-assembly behavior of [1-HCI] in DCM solution in the range of 0.2 mM and 200 mM. Top, right: Concentration-dependent *'P NMR spectroscopy
to support the existence of stable interactions between compound 1 and HCl even at very low concentrations. Bottom: 'H, *'P{'"H}, and >N NMR
spectra of [1-HCI] (200 mM) at 193 K to prove both the protonation of the PO function and association, and to rule out the formation of a cube

structure.

to the solution structures of the heavy chalcogenides? Once
again, low temperature "N NMR spectroscopy provided
clarity on the conditions in solution.

After cooling a 200 mM DCM solution of the "N-labeled
HCI adduct [1-HCI] from 298 K to 193 K, the broad 'H
NMR signal at 7.74 ppm splits into two signal sets that can
be assigned to a major species (maj) [6('H)=5.79 and
11.41 ppm] and a minor species (min) [§(*H)=5.10 and
10.45 ppm] (Figure 5, bottom, left). The broad downfield-
shifted signal of each set at 11.41 ppm and 10.45 ppm,
respectively, can be clearly assigned to an O—H group, and
the corresponding highfield-shifted doublets (5.79 ppm and
5.10 ppm, respectively) belong to an NH, group (“Jy_y of the
major species: 80.8 Hz). In conjunction with the '"H DOSY
measurements, it can be assumed that the major species at
193 K is an aggregated, supramolecular HCI adduct, which is
composed of a zigzag-like, hydrogen-bonded chain structure
with OH and NH, groups involved, similar to the solid-state
structure (see Figure 2), whereas the minor species has a
lower degree of aggregation (it could even be a monomeric
HCI adduct), and both species are in equilibrium. *'P NMR
spectroscopy at 193 K also points in the same direction
(Figure 5, bottom, middle), as the chemical shifts of
743 ppm (major species) and 63.6 ppm (minor species)
agree very well with the averaged *P NMR signals of the
concentration-dependent *'P NMR spectra at 298 K. This
conclusion was ultimately confirmed by "N NMR spectro-
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scopy of [I-HCI] (200 mM) at 193 K (Figure 5, bottom,
right): As with compound 1 [triplet at §(**N)=28.4 ppm,
"Jno1=73.0 Hz], the "N NMR spectrum of [1-HCI] shows a
slightly asymmetrical triplet at 6(**N)=34.7 ppm, which is
now slightly shifted downfield compared to 1. The 'Jy g
coupling constant (83.4 Hz) of [1-HCI] is also slightly
increased compared to 1. The multiplicity nicely corresponds
to an NH, group. The formation of a cubic structure
involving NH; subunits can therefore be ruled out with
certainty.

Quantum chemical calculations at the theoretical level
M062X/6—3114-G(d,p)** " using the polarizable continuum
model (PCM)P! (solvent: DCM) provided a profound
understanding of the expression of different hydrogen-
bonding modes (Ch—H--X versus N-H--X) of the oxygen
analog compared to the sulfur analog on a thermochemical
basis (Scheme 2). The Gibbs energies (AG) for binding an
HCI molecule to an aminophosphine chalcogenide molecule
(Ch=0, S) via the chalcogen or the amino function allowed
an estimate of the intrinsic proton affinity in the presence of
an anion that is capable of hydrogen-bonding, here Cl". The
assumption of monomeric HCl molecules as the predom-
inant species in DCM solution is well supported by MD
simulations (for details, see the SI). In the case of a single
molecule of the aminophosphine oxide, the binding of an
HCI molecule to the oxygen function is a clearly exergonic
process at —43 kJmol™". Thus, the O—H--Cl hydrogen-bond
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Scheme 2. Gibbs energies (AG) [k) mol™'] for the binding of HCl to
aminophosphine chalcogenide molecules (Ch=0, S), calculated on
the M062X/6—3114-G(d,p) level of theory (PCM, solvent: DCM) 2531
Investigation of the intrinsic HCl binding affinity of the chalcogen and
amino functions using monomeric systems (A). Estimation of the
contribution of the hydrogen-bond network by considering plausible
zigzag or cube shape superstructures of the hydrogen chloride adducts

(B).

motif is energetically favored by 54 kJmol ' compared to
the N—H--Cl motif (Scheme 2, A). In contrast, for the sulfide
congener, both the expression of the S—H.-Cl and the
N-H--Cl binding modes are endergonic at 6 kJmol™' and
12 kJmol™, respectively, assuming a system involving only
one molecule of the aminophosphine chalcogenide
(Scheme 2, A). The calculations excellently confirm the
experimental finding regarding species 2y in DCM sol-
ution: After break-up of the cube structure, when the
concentration decreases or the temperature increases, stable
interactions can no longer be formed between monomeric
phosphine 2 and HCl molecules, since the binding would
represent an endergonic process. This fact is again supported
and expressed by MD simulations, which show hardly any
interactions between the neutral phosphine 2 and HCl
molecules (for details, see the SI). For the very few hydro-
gen-bond interactions found in the MD simulation, the
sulfur atom shows even better binding abilities than the NH,
function, which is completely consistent with the results of
the DFT calculations. Furthermore, the calculations allow
for the important conclusion that, in contrast to the sulfur
compound (2), an HCI molecule should actually bind to
compound 1 even at very low concentrations, and this was
indeed observed in our NMR investigation (see Figure 5).
To draw an even more precise picture, we also
performed thermodynamic calculations considering the
actual zigzag or cube shape of the HCI adducts to estimate
the contribution of the entire hydrogen-bond network to the
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formation of just one very specific superstructure, depending
on whether the oxygen or sulfur functionality is present
(Scheme 2, B). These results show very clearly that it is in
principle an energetically unfavorable option for the amino-
phosphine sulfide to involve the sulfur function in binding to
an HCI molecule. The formation of a zigzag-like structure in
which S—H--Cl--H-N structural motifs are present at the
same time is a strongly endergonic process with AG=
16 kJmol™' and can thus be ruled out in this case. Instead,
the energy gain from the participation of all three hydrogen
atoms of the NH; group in hydrogen-bonds to chloride
acceptor atoms leads to an overcompensation for the energy
that would have to be provided to bind just to a single
chloride ion. The formation of a cubic assembly therefore
becomes in principle favorable for both the sulfur and
oxygen compounds, as shown by the Gibbs energies of
—31 kJmol™' each. However, as clearly confirmed by the
thermochemical calculations, for the oxygen derivative, the
zigzag-like structure [1-HCI],, which is also the only
structure that has been found in the solid-state so far, is
significantly more favored (—41kJmol') compared to a
cubic association. In the case of the heavier congeners, it can
be stated that the NH, group is only protonated if all three
hydrogen atoms are available for hydrogen-bonds. The
computational investigation also reveals a higher degree of
flexibility of aminophosphine oxides in terms of their hydro-
gen-bond interaction pattern. The very similar energies
suggest that both monomeric species with O-H--Cl
(=43 kJmol ™) and aggregated structures with
O-H--Cl--H-N bonding motifs (—41 kJmol™") are equally
likely to be formed in solution. The latter can be nicely
deduced from the NMR spectra in solution, from which the
formation of a cube structure for the oxygen case can
definitely be ruled out (see Figure 5). In the case of the
sulfur-based compound, we know that the cube shape is not
only expressed in the solid-state, but also predominantly
present in solution as the concentration increases or the
temperature decreases. This is indeed the only way to create
a real stable interaction between all heavier congeners and
HCI molecules. Otherwise, the intermolecular contacts can
just be considered as random encounters without stable
hydrogen-bond interactions, as the MD simulations nicely
confirm (see discussion above). These conclusions are also
consistent with all experimental findings.

[Ch—H]" X~ Versus [N—H]" X~ Bonding

In a next step, we addressed the question of how the proton-
binding affinity of aminophosphine chalcogenides changes
when the coordinating anion, here Cl-, is exchanged for a
weakly coordinating anion (WCA), here [B(C¢Fs),]. For
this purpose, compounds 1, 2, [(Rp)-3], and 4 were treated
with Jutzi’s acid [H(OEt,),]"[B(C4Fs),] " a synthetically
useful and strong Brgnsted acid that directly provides an
anion incapable of forming hydrogen-bonds (Scheme 3).7*!
All protonated species could be isolated as ether-free
solids. Both the sulfur- and selenium-based ion pairs [2H]*
[B(C¢Fs),]~ and [4H]*[B(C¢Fs),]~ were also obtained in
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Scheme 3. Synthesis of protonated species of aminophosphine chalco-
genides (Ch=0, S, Se) using Jutzi’s acid® [H(OEt,),] "[B(C¢Fs)s]™ to
study the effect of the weakly coordinating counteranion [B(C4Fs),]” on
the structure and dynamics of protonated species.

single-crystalline form and subjected to single-crystal X-ray
structure analysis (Figure 6).?” In the molecular structures
of both compounds in the solid-state, it can be clearly seen
that the protons bind exclusively to the chalcogen functions.
No interactions between the cations can be detected.
Instead, the cations are embedded in a shell of anions. The
intermolecular interactions between cation and anion are
striking. N—H--F interactions as well as direct N--F contacts
can be found. While both the NH, and CH; groups are
involved in directed contacts to the anion, the acidic Ch—H
groups (Ch=S, Se) do not appear to be involved in
anisotropic interactions (for details on crystal structure
analysis, see the SI). Other bonding parameters of the
cations in the crystal structures also indicate that the
chalcogen function was protonated, such as a slight length-
ening of the P—Ch and a slight shortening of the P-N bond
compared to the parent compounds 2 and 4.

The IR spectrum of compound [2H]*[B(C4Fs),]™ in the
solid-state provides further evidence for P—S protonation
(Figure 7). The band at 2573 cm ™" can be clearly assigned to
the S—H stretching vibration (Figure 7, top, red curve). The
intriguing question, however, was whether the static bonding
situation in the solid-state structure can actually be trans-
ferred to the structure in solution. IR spectroscopy of the
ion pair [2H]"[B(C4Fs),]” in DCM solution also showed the
characteristic S—H band at 2553 cm™ (Figure 7, top, blue
curve). The difference IR spectrum referred to the free
aminophosphine sulfide 2 once again highlighted the
reinforced N—H vibrations and the new S—H vibration of the

[2H]'[B(CgFs)a]
Ch=s§

[4H]*[B(CgFs)al-
Ch = Se

Figure 6. Molecular structures of the chalcogen-protonated sulfur and
selenium derivatives [2H] " [B(C¢Fs),]~ and [4H] " [B(CeFs)s]™ in the
crystal (displacement ellipsoids are set at the 50% probability level).””)
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Figure 7. Evidence for P—S protonation. Top: Experimental IR spectra of
jon pair [2H] *[B(C4Fs)4]” in the solid-state (red curve) and in DCM
solution (blue curve) clearly showing the SH stretching vibration.
Middle: Difference IR spectrum in DCM solution ([2H]"[B(C¢Fs)4] ™ - 2)
highlighting the new SH vibration of the cation. Bottom: The calculated
IR spectrum (no scaling factors applied) of cation [2H] " is in
conformity with the experimental IR spectra.

cationic species [2H]" (Figure 7, middle). To further sub-
stantiate our conclusions, the experimental IR spectra are
also excellently reflected in the calculated IR spectrum
(Figure 7, bottom).

So, at this point, all data indicate that in the solid-state
and in solution it is the chalcogen function that is protonated
and not the amino group. It was therefore all the more
surprising that the NH, and ChH groups belonging to the
heavier congeners (Ch=S, Se) only gave one relatively
sharp average signal in the '"H NMR spectrum at 2.96 ppm
or 2.94 ppm in case of the two sulfur-based compounds, and
one signal at 2.48 ppm in case of the selenium compound.
Although these signals are significantly downfield-shifted
compared to the NH, signals of the parent compounds 2,
(Rp)-3, and 4, they are still far from the '"H NMR chemical
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shift of an NH; unit that is involved in three hydrogen-bonds
(see the discussion above). From studies on the protonated
compound [tBu,(PSH)CH,Si(H)/Bu,]*[B(C¢Fs),]” that does
not have an NH, group, we know that the '"H NMR chemical
shift of the SH function of a protonated di-tert-butylphos-
phine sulfide moiety is 2.42 ppm, which is in fact in the same
chemical shift region like the average PChH/PNH, '"H NMR
signal found in the protonated aminophosphine sulfides and
the selenide (for details, see the spectroscopic data of
compound [SH]*[B(C¢Fs),]” in the SI). However, since it is
unlikely that the two '"H NMR signals of the ChH and NH,
functions coincidentally have the same chemical shift, we
must assume that the protons undergo rapid exchange in
solution.

To further support this hypothesis, "N NMR spectro-
scopy should be particularly informative since a collapse of
the “Jy_y coupling would provide clear evidence of rapid
proton exchange (Figure 8).* Indeed, in the "H-coupled "N
NMR spectrum of compound [2H]"[B(C¢Fs)]~, no Jyy
coupling could be observed in DCM at either 298 K or
193 K. The spectrum even resembled the 'H-decoupled
“N{'H} NMR spectrum of [2H]"[B(CFs),]”, whereas the
"Jx_p coupling constant of 15.9 Hz as well as the chemical
shift of §(**’N)=21.2 ppm are clearly different from those of
compound 2 (6=29.1 ppm, 'Jyp=22.2 Hz). The missing
“N-'H splitting pattern in the 'H-coupled "N NMR
spectrum is strong evidence that rapid exchange occurs
between the SH and NH, protons on the NMR time scale.

However, the situation is completely different with the
oxygen derivative [IH]"[B(C4Fs),]". Here, the exchange
between the OH and NH, protons appears to be “frozen”,
since in this case, in contrast to the heavier analogs, the two
functionalities can be clearly distinguished from each other
in the '"H NMR spectrum, with the signal at 6§=3.55 ppm

NNt Qno <+ o
- O OO~ W -
MmN o N
ey ~
2 [2H]*
. [B(CeFs)al
PNH,
1JN—H =76.0 Hz
1 1JN—F' =222 Hz 1JN—P =159 Hz
Collapse of 1y_y
coupling
35 25 25 20 15
N NMR (CD,Cl,, 298 K) ppm

Figure 8. "N NMR spectrum of compound [2H]"[B(C¢Fs)]™ (right)
compared to that of compound 2 (left). The collapse of the ',
coupling for the ion pair [2H] *[B(C¢Fs)4] ™ in the "H-coupled "N NMR
spectrum at 298 K (shown here) and even at 193 K provides clear
evidence for rapid proton exchange.
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belonging to the PNH, function and the lowfield signal at
0=6.04 ppm belonging to the POH function.

In fact, this difference between the oxygen derivative
and the heavier chalcogen compounds can be illustrated
very well by DFT calculations [M062X/6—311+ G(d,p);
PCM solvent: DCM]®3! of proton exchange reactions
(Scheme 4). We calculated the Gibbs energy of the proto-
nation of either the chalcogen or the amino function for
both the oxygen and the sulfur derivative under the
conditions of a protonation with Jutzi’s acid [H(OEt,),]"
[B(CeFs),].B"" Therefore, [H(OEt,),]* was chosen as the
active proton source, which is known to be present under
these conditions. For simplicity, any influence of the weakly
coordinating anion was neglected in this model in order to
shed light only on the intrinsic proton affinity. For both
cases examined (Ch=O0, S), protonation of the P-NH,
function turned out to be thermodynamically indifferent.
However, in the case of the oxygen compound, protonation
of the PO function is energetically by far more favorable
than the protonation of the NH, function (AG=
—49 kJmol™" versus —1 kJmol™"). This energy difference is
so large that an OH/NH, proton exchange is thermodynami-
cally severely restricted and hence two distinct signals can
be observed in the "H NMR spectrum of compound [1H]"
[B(C¢Fs)y]~. Furthermore, dimer formation between two
cations in solution was clearly ruled out even in the case of
smaller substituents (see the SI, Figure S123).

For the sulfur compound, the energy gap is much smaller
(Scheme 4). Although the calculations show a preference for
the protonation of the PS function, the protonation of the
NH, group is only 13 kJmol ™" higher in energy. It can be
assumed that an equilibrium is quickly established between
the two cationic forms in favor of the sulfur-protonated
species. The intramolecular proton exchange is expected to
occur with a low barrier, with tunneling effects likely playing
an important role (Scheme 4, bottom).*! Intermolecular
proton exchange between two cations has also been

-~ /H
[Ch—H]* *-;%If
T P2 +2 OEt,
och ao |Ghesisis Tt NRe
| , Ikirmol]
ByPE + [H(OEt);]
Bu 2 ©Ch
[N—H]* by st
P TEE——— weP. + t
Ch=oi—1 BUYTS\@ )
Ch=8:10 Bu 4,
Proposed = +
intramolecular ]"@“‘H
proton exchange: H tBu"“P\ !
o 4/ N o
| Bu  H, BT
e T— o
Bu™, T s
By NH2 fast B mZ—H

Scheme 4. Gibbs energies (AG) [k) mol™"] for the protonation of either
the chalcogen or the amino function of aminophosphine chalcogenide
molecules (Ch=0, S), calculated on the M062X/6—311+G(d,p) level
of theory (PCM, solvent: DCM),”**" to study the intrinsic proton
affinity in the absence of coordinating counterions (top). Proposed
intramolecular mechanism of proton-hopping (bottom) supported by
N NMR spectroscopy.
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considered but seems unlikely given the high energy (AG =
71 kJmol™) required for dimer formation consisting of two
cations (for details, see the SI, Figure S123).

Last but not least, the ”’Se nucleus, in particular the ”’Se
NMR chemical shifts and the 'Js. » coupling constants, can
also serve as an effective NMR probe to further confirm the
protonation of the chalcogenide function in the heavier
congeners. Only when the selenium atom is directly involved
in an interaction with the proton, the 'Js. p coupling constant
decreases significantly by almost half from 726.6 Hz in 4 to
406.3 Hz in [4H]"[B(C4Fs),]". This is accompanied by a
dramatic large downfield shift from §(”’Se) =—350.8 ppm to
—43.4 ppm. The effects on the 7Se NMR spectroscopic
parameters in the case of a direct interaction of the selenium
atom in phosphine selenides with Lewis acids have recently
been discussed in detail.[*!!

Conclusion

Combining spectroscopic (IR, 'H DOSY, "N NMR),
quantum chemistry-based methods, MD simulations, and
crystallographic analyses, our work provided in-depth in-
sights into the structure and dynamics of proton-binding and
the hydrogen-bond switching ability of aminophosphine
chalcogenides as the fundamental basis of supramolecular
self-assembly processes.

Expression of structural motif I (Ch—H---X, see Figure 1,
D) in the presence of anions capable of coordination, here
chloride, is only observed in the case of aminophosphine
oxide 1. Protonation of the P—O function in the form of a
hydrogen-bonded zigzag-like O-H--Cl-H—-IN arrangement
wins energetically over a cube assembly. In the heavier
congeners 2, (Rp)-3, and 4 (Ch=S, Se), protonation of the
P—Ch function never occurs in the presence of coordinating
anions. The protonation of the P-NH, function, according
to the structural motif IT (N—H--Cl), occurs only if all three
N-H bonds can actually be involved in hydrogen-bonds.
Here, MD simulations provided first insight into the self-
organization process of aminophosphate-analog species
toward a cube arrangement. The findings at the lower
concentration limit appear particularly interesting, as this is
also where a main difference lies between the heavier
congeners and the oxygen derivative. In fact, it was shown
that the existence of a stable O—H--Cl bond is maintained
even at very low concentrations, and this is in sharp contrast
to the heavier chalcogenides. The crystal structures also
reflect a delicate balance between different hydrogen-bond
interaction pattern. Given the key role that aminophos-
phates play in phosphorylation mechanisms of prebiotically
relevant molecules and in scenarios for the emergence of
homochirality,"*?**'¥ our study reveals a significant advant-
age of the H,N-P"—O~ compared to the H,N-P*-S~
functional pattern in terms of the flexibility of the lighter
congener to involve both NH, and OH groups in hydrogen-
bonding and self-assembly processes. Another advantage of
the H,N-P"—O~ functionality is expressed in the easier
formation of stable and rigid interactions with protic
compounds at different concentrations.
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In the case of weakly coordinating anions (WCAs) as
counterions, here [B(C¢Fs),]”, there is a clear intrinsic
preference for protonation of the P—Ch function over the
NH, function for all chalcogenide derivatives according to
the structural motif II ([Ch-H]* X7), regardless of
Pearson’s principle of hard and soft acids and bases
(HSAB).") Nevertheless, the dynamic behavior of the
protonated heavier chalcogenides in solution differs signifi-
cantly from the oxygen compound. For the protonated
aminophosphine sulfide [2H]"[B(C4Fs),]", the collapse of
the 'Jy_u coupling indicates a fast equilibrium between the
two protonated forms III ([S-H]* WCA™) and IV
(IN—H]* WCA") in the form of a dynamic, intramolecular
process of rapid proton-hopping between the chalcogen
atom and the amino function. This second part of our
investigation may have significant consequences for a new
design of bifunctional organocatalysts, as the replacement of
the proton by an organic residue can pave a new route to
combined chalcogen- and hydrogen-bonding catalysis.

The significance of this study extends to many areas of
catalysis, be it the field of hydrogen-bonding, ion-pairing, or
chalcogen-bonding catalysis. Viewed in the light of prebiotic
chemistry, our results on aminophosphate-analog systems
also provide important new insights into the behavior of
fundamental protonated species that play a crucial role as
intermediates in phosphorylation processes and in scenarios
for the emergence of homochirality. Work is currently being
done on the behavior of these species in aqueous solution.
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Aminophosphine chalcogenides are rele-
vant in many organocatalytic concepts
and are the focus of prebiotic studies.
Spectroscopy (IR, 'H DOSY, "N NMR),
MD simulations, and DFT calculations
provide unique insight into their proton-
binding affinity. All conceivable hydro-
gen-bonding modes can be formed and
controlled. Fundamental principles of
self-organization, proton-hopping, and
of the behavior at the lower concentra-
tion threshold are revealed.
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